Herceptin Online, Description, Chemistry, Ingredients - Trastuzumab - RxList Monographs Page 1 of 2 



advertisement 




Need a specialist? 

Don't be nervous. 



RxList 




The Internet Drug Index 



Disclaimer j RxBoard \ Alternatives j Top 200 j Advanced See 



Trastuzumab 



Description 



Clinical 


f Indication 


i )\( Side Effects & 


if Warnings & 


\ Overdosage 


j, Patient 


Pharmacology 


& Dosage 


li Drug Interactions 


■ 1 Precautions 


' Contraindication 


z ! , Information 



!l#MD. 

Breast Cancer Source 

breastcancer.webmd.com 



\> Newly Diagnosed?: 

Start Here 

(► Breast Cancer: 

Choose the Right Treatment 

P Questions Answered: 

Symptoms, Treatments, 
More 

Find it Fast: 

WebMD Medical Library 

&i Breaking Breast 
Cancer Health Alerts: 

Sign Up Here 

Can't Find What You Need? 
Search WebMD Health: 



Go! 



J 



DESCRIPTION 



WARNING 

CARDIOMYOPATHY: 

HERCEPTIN® (Trastuzumab) administration can result in the 
development of ventricular dysfunction and congestive heart failure. I 
ventricular function should be evaluated in all patients prior to and du 
treatment with HERCEPTIN. Discontinuation of HERCEPTIN treatme 
should be strongly considered in patients who develop a clinically 
significant decrease in left ventricular function. The incidence and 
severity of cardiac dysfunction was particularly high in patients who 
received HERCEPTIN in combination with anthracyclines and 
cyclophosphamide. (See WARNINGS ) 
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HERCEPTIN® (Trastuzumab) is a recombinant DNA-derived humanized mc 
antibody that selectively binds with high affinity in a cell-based assay (Kd = 
the extracellular domain of the human epidermal growth factor receptor 2 pr 
HER2. 1 ^ The antibody is an lgG 1 kappa that contains human framework rej 

the complementarity-determining regions of a murine antibody (4D5) that bi 
HER2. 
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The humanized antibody against HER2 is produced by a mammalian cell (C 
Hamster Ovary) [CHO] suspension culture in a nutrient medium containing I 
antibiotic gentamicin. Gentamicin is not detectable in the final product. 



HERCEPTIN is a sterile , white to pale yellow, preservative-free lyophilized [ 
intravenous (IV) administration. Each vial of HERCEPTIN contains 440 mg 
Trastuzumab, 9.9 mg L-histidine HCI, 6.4 mg L-histidine, 400 mga,a-trehalc 
dihydrate, and 1.8 mg polysorbate 20, USP. Reconstitution with 20 mL of th 
Bacteriostatic Water for Injection, (BWFI) USP, containing 1 .1% benzyl alco 
preservative, yields 21 mL of a multi-dose solution containing 21 mg/mL Trs 
at a jdH of approximately 6. 



News From lAfeftMD 



* Company Issues 
Pacemaker Malfunction 
Warning 

* Deaths Seen With 
Fentanyl Narcotic Pain 
Patch 

* FDA Reviews Adult 
Antidepressant-Suicide 
Link 



For information on ordering Herceptin Online, please click the "online pharmacy" link on the blue horizontal navigation bar at the top of every 
page. 

This Page Last Updated 12/08/2004 

Return to Top ^ Search Medical Dictionary Q FAQ/Patient Monograph Q 



RxList Home 



Contact RxList 



About RxList 



Terms & Policiies 



Privacy Policy 



WebMD® | Medscape® | eMedicineHealth® | MedicineNet® 



Copyright © 2006 by RxList Inc. 



http://www.rxlist.com/cgi/generic/trastuz.htm 



5/9/06 



Entrez PubMed 



Page 1 of 2 




9 Pubtfted 



A service of die National Library of Medicine 
and die National Institutes of Health 



All Databases 



PubMed 



Nucleotide 



potmed.gov 

Protein Genome Structure 



My NCB1 

fSiqn In] [Regis 



OMIM 



Search PubMed 



1 for[ 



PMC 
HI 



Journals 



Bool 



Limits Preview/Index History Clipboard Details 



About Entrez 
NCBI Toolbar 

Text Version 

Entrez PubMed 

Overview 

Help | FAQ 

Tutorials 

New/Noteworthy 

E-Utilities 

PubMed Services 
Journals Database 
MeSH Database 
Single Citation Matcher 
Batch Citation Matcher 
Clinical Queries 
Special Queries 
LinkOut 
My NCBI 

Related Resources 
Order Documents 
NLM Mobile 
NLM Catalog 
NLM Gateway 
TOXNET 
Consumer Health 
Clinical Alerts 
ClinicalTrials.gov 

PubMed Central 



Display [ Abstract 

All: 1 Review: 0 W 

n 1: J Clin Oncol. 1996 Mar; 1 4(3) :73 7-44. 



H Show |20 IB|) Sortby lBl| SendtaH |l 



Related Articles, Links 



Fall text article at 
www.jco.org 



Comment in: 

• J Clin Oncol. 1996 Mar:14(3):697-9. 

Phase II study of weekly intravenous recombinant humanized 
anti-pl85H£R2 monoclonal antibody in patients with 
HER2/neu-overexpressing metastatic breast cancer. 

Baselg a J. Tripathy D . Mendelsohn J . Baughman S . Benz CC Dantis L . 
Sklarin NT . Seidman AD . Hudis CA . Moore J , Rosen PP . Twaddell T . 
Henderson IC . Norton L . 

Department of Medicine, Services of Breast and Gynecological Cancer 
Medicine and Clinical Immunology, Department of Pathology, Memorial 
Sloan-Kettering Cancer Center, New York, NY, USA. 

PURPOSE: Breast cancer frequently overexpresses the product of the HER2 
proto-oncogene, a 185-kd growth factor receptor (pl85HER2). The 
recombinant humanized monoclonal antibody (rhuMAb) HER2 has high 
affinity for pl85HER2 and inhibits the growth of breast cancer cells that 
overexpress HER2. We evaluated the efficacy and toxicity of weekly 
intravenous administration of rhuMAb HER2 in patients with HER2- 
overexpressing metastatic breast cancer. PATIENTS AND METHODS: We 
treated 46 patients with metastatic breast carcinomas that overexpressed 
HER2. Patients received a loading dose of 250 mg of intravenous rhuMAb 
HER2, then 10 weekly doses of 100 mg each. Patients with no disease 
progression at the completion of this treatment period were offered a 
maintenance phase of 100 mg/wk. RESULTS: Study patients had extensive 
metastatic disease, and most had received extensive prior anticancer therapy. 
Adequate pharmacokinetic levels of rhuMAb HER2 were obtained in 90% 
of the patients. Toxicity was minimal and no antibodies against rhuMAb 
HER2 were detected in any patients. Objective responses were seen in five 
of 43 assessable patients, and included one complete remission and four 
partial remissions (overall response rate, 11.6%; 95% confidence interval, 
4.36 to 25.9). Responses were observed in liver, mediastinum, lymph nodes, 
and chest wall lesions. Minor responses, seen in two patients, and stable 
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disease, which occurred in 14 patients, lasted for a median of 5.1 months. 
CONCLUSION: rhuMAb HER2 is well tolerated and clinically active in 
patients with HER2-overexpressing metastatic breast cancers that had 
received extensive prior therapy. This is evidence that targeting growth 
factor receptors can cause regression of human cancer and justifies further 
evaluation of this agent. 

Publication Types: 

• Clinical Trial 

• Clinical Trial, Phase II 

PMID: 8622019 [PubMed - indexed for MEDLINE] 
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Trastuzumab 
Definition 

Trastuzumab is a humanized monoclonal antibody produced by recombinant DNA technology that binds specifically 
to the human epidermal growth factor receptor 2 protein (also known as HER2 or neu or c-erb-2) that is found on 
the cell surface of some cancer tumors, most notably breast cancer . The drug is marketed in the United States 
under the Herceptin brand name. 



Purpose 



Trastuzumab is a monoclonal antibody used to treat breast cancers that overexpress the HER2 protein, which 
occurs in about 25-30% of breast malignancies. By binding the HER2 protein on the tumor cell, the antibody 
targets it for destruction by the immune system. Based on data gathered in the laboratory, developers believe 
that trastuzumab triggers cell-mediated means to kill the tumor cells, through the action of natural killer cells 
and monocytes, two types of white blood cells. As binding of the antibody also slows growth of the tumor, it is 
theorized that the antibody may also block the interaction of the HER2 protein with a not yet identified growth 
factor that triggers rapid cell divisions. 



Clinical trials have also begun or are soon to begin to test the use of trastuzumab against osteosarcoma , as well as 
endometrial, colorectal, kidney, pancreatic, prostate, ovarian, salivary gland, lung, and bladder cancers, as all of 
these tumor types can overexpress the HER2 protein on their surface. 



Description 



Trastuzumab is a genetically engineered monoclonal antibody. In 1998 it was approved by the FDA as a method of 
slowing growth of breast cancer tumors that overexpress the HER2 protein on the cell surface. Overexpression or 
overproduction of the HER2 protein is associated with aggressive disease and increased mortality. 
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Trastuzumab is approved for use either alone, or in combination with paclitaxel , a drug used for 
chemotherapeutic treatment of breast cancer. In clinical trials treating patients having breast cancer that has 
spread beyond the breast (metastatic breast cancer), trastuzumab had an overall response rate of 14%, with 2% 
having a complete response. When used in combination with paclitaxel treatment, the antibody reduced the risk 
of death by 24%. Higher expression of the HER2 protein on the tumor surface correlates with an increased chance 
of response to the drug. Additionally, clinical trials using trastuzumab in the TCH chemotherapy regime (Taxotere, 
Cisplqtin or carboplqt in, and Herceptin) appears to avoid risk of heart problems (cardiotoxicity) seen with the 
paclitaxel/ Herceptin combination. 

Other clinical trials have begun testing the use of trastuzumab with other chemotherapy drugs such as doxorubicin 
(an antitumor anitbiotic), cyclophosphamide (an alkylating agent that interferes with mitosis and cell division), 
celecoxib (an aspirin-like drug called a cyclooxygenase-2 inhibitor), capecitabine (an antimetabolite that 
interferes with DNA and RNA growth), and others. Testing the combination of the monoclonal antibody and various 
cytokines, such as interleukins 2 and 12, is also ongoing. Additionally, doctors are also studying the combination ol 
the antibody with other cancer treatments such as radiation and transplantation with peripheral stem cells. 

Most of the trastuzumab sequence is derived from human sequences, while about 10% are from the mouse. The 
human sequences were derived from the constant domains of human lgG1 (called "constant" because it is 
essentially the same for all IgG antibodies) and the variable framework regions of a human antibody. These areas 
do not bind to the epidermal growth factor receptor 2. Using human sequences in this part of the antibody helps 
to reduce patient immune response to the antibody itself and is called humanization. The actual binding siteof 
trastuzumab to the receptor is from a mouse anti-HER2 antibody. 

Recommended dosage 

Trastuzumab is administered intravenously, at a dose of 4 mg/kg for the initial administration, and 2 mg/kg for 
weekly maintenance until the disease progresses. The antibody can be given for longer periods to maintain tumor 
shrinkage. 

Precautions 

Extreme caution should be exercised when using trastuzumab to treat patients with existent heart problems. Also, 
patients with lung problems have an increased risk of side effects. Because the drug can pass to the fetus through 
the placenta and is present in breast milk, the drug should be used during pregnancy and nursing only if clearly 
indicated. 

Side effects 

The most severe side effects seen with this drug are heart and lung problems, which tend to occur most often in 
patients with a history of heart or lung disease. The use of anthracyclines and cyclophospamide in combination 
with trastuzumab also appears to increase these types of side effects. 

The most common side effect with trastuzumab are infusion-associated symptoms, usually consisting of fever and 
chills on first infusion. The symptoms are often mild to moderate in severity and are treated with acetaminophen, 
diphenhydramine! and/or meperidine. Other common side effects include nausea and vomiting , and pain (in some 
cases at tumor sites), which occur less often after the first dose. Lowered red blood cell count ( anemia ), lowered 
white blood cell count (leukopenia), diarrhea , and infection occur more often in patients receiving Herceptin plus 
chemotherapy as compared to chemotherapy alone. The severity of these symptoms usually do not result in 
discontinuation of therapy with Herceptin. 

Other less common side effects are headache, abdominal pain, back pain, flu-like symptoms, sinusitis, rhinitis, 
pharyngitis, fluid retention (edema), insomnia, dizziness and depression . 

Interactions 

There have been no formal drug interaction studies done for trastuzumab. However, in clinical trials, this drug ha< 



http://vmw.answers.com/topic/trastuzumab-herceptin 



5/9/06 



trastuzumab: Information From Answers.com 



Page 3 of 7 



a decreased clearance rate (time of removal from the body) when combined with some chemotherapeutic drugs 
including paclitaxel. 

See Also Mo nocl on al antib odie s 

Michelle Johnson, M.S., J.D. 

KEY TERMS 

An t ib o dy; JgG; Interleukins ; Humanization ; Monoc lonal . 
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trastuzumab 

Generic Name: trastuzumab 
Brand Name: Herceptin 

Drug Class And Mechanism: Trastuzumab is an intravenous drug that is used to treat breast cancer that has spread 
(metastasized). It belongs to a class of drugs called monoclonal antibodies. Other monoclonal antibodies include 
r ituxima b (Rituxan) and gemtuzumab ozogamicin (Mylotarg). The cells of tumors have various receptors on their 
surfaces. Chemicals bind to these receptors and cause changes within the tumor cells. One of the receptors which 
occurs in about one-third of all breast cancers is called HER2. HER2 is known to control the growth and 
development of the tumor cells and the production of new tumor cells. If HER2 receptors are present in large 
numbers on the tumor cells (often referred to as overexpression of HER2), then the tumor cells may multiply and 
grow quickly. Normally, the immune system produces antibodies that will detect and attack HER2 receptors to 
slow the growth of tumor cells However, if HER2 is present in large numbers, the immune system may be unable 
to control HER2. Trastuzumab is a man-made antibody developed using molecular cloning and recombinant DNA 
technology. Trastuzumab is thought to block the HER2 receptors when there is overexpression and thereby block 
tumor growth and development. Trastuzumab was approved by the FDA in 1998. 

Generic Available: no 

Prescription: yes 

Preparations: Trastuzumab is available as a powder in a vial containing 440 mg of drug. It must be mixed with a 
liquid before intravenous injection. 

Storage: Trastuzumab should be stored at 2-8°C (36-46T) and should not be frozen. 

Prescribed For: Trastuzumab is used to treat metastatic breast cancer among patients who overexpress HER2. 
There are two situations in which trastuzumab may be used. In the first, trastuzumab is used as the only drug for 
patients who already have received one or more regimens of chemotherapy . In the second, trastuzumab is used in 
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combination with paclitaxel (Taxol) for patients who have not yet received chemotherapy for their metastatic 
breast cancer. 

Dosing: Trastuzumab usually is administered intravenously with an initial dose of 4 mg per kilogram of body weighl 
followed by a weekly dose of 2 mg per kilogram of body weight. 

Drug Interactions: There have been no studies of drug interactions with trastuzumab. 

Pregnancy: There are not enough studies to draw conclusions about the safety and efficacy of trastuzumab in 
pregnant women. 

Nursing Mothers: Nursing mothers should avoid trastuzumab therapy and not begin nursing for six months after 
discontinuing the drug. Since trastuzumab is a type of antibody that can be secreted into breast milk and 
absorbed by the infant, it has the potential for harming nursing infants. 

Side Effects: The most common side effects with trastuzumab alone include 

Related Links on MedicineNet.com 

• Page 2 of this Article 

• The Doctor's Response 

Information on this web site is provided for informational purposes only and is not a substitute for professional 
medical advice. You should not use the information on this web site for diagnosing or treating a medical or health 
condition. You should carefully read all product packaging. If you have or suspect you have a medical problem, 
promptly contact your professional healthcare provider. 

Statements and information regarding dietary supplements have not been evaluated or approved by the Food and 
Drug Administration. Please consult your healthcare provider before beginning any course of supplementation or 
treatment. 
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use is in breast cancer in patients whose tumors overexpress (produce more than the usual amount of) this receptc 
Trastuzumab is administered either once a week or once every three weeks intravenously for 30 to 90 minutes. 

Mechanism of action 

Amplification of ErbB2 occurs in 30% of early-stage breast cancers (Bange et al 2001 ). It encodes the transmembra 
tyrosine kinase p185-erbB2 glycoprotein . Although the signaling pathways induced by the erbB2 receptor are 
incompletely characterized, it is thought that activation of the PI3K / Akt pathway is important. This pathway is noi 
associated with mitogenic signaling involving the MAPK pathway. In cancer growth producing signals from erbB2 ar 
constitutively transmitted, promoting invasion, survival and angiogenesis of cells (Menard et al 2003). Furthermore 
overexpression can also confer therapeutic resistance to cancer therapies. Kute et al. (2004) suggest that the prirr 
mechanism that causes increase in proliferation speed is due to induction of p27Kip1, an inhibitor of cdk2 and of c 
proliferation, to remain in the cytoplasm instead of translocation in to the nucleus. This is caused by phosphorylat 
Akt. 

Herceptin is a monoclonal antibody which binds to the extracellular segment of the erbB2 receptor. Cells treated ' 
Herceptin undergo arrest during the G1 phase of the cell cycle and experience a reduction in proliferation. It has t 
suggested that Herceptin induces some of its effect by downregulation of erbB2 leading to disruption of receptor 
dimerization and signaling through the downstream PI3K cascade. P27Kip1 is then not phosphorylated and is able t 
enter the nucleus and inhibit cdk2 activity, causing cell cycle arrest (Kute et al 2004). Also, Herceptin suppresses 
angiogenesis by induction of antiangiogenic factors and repression of proangiogenic factors. It is thought that a 
contribution to the unregulated growth observed in cancer could be due to proteolytic cleavage of erbB2 that resu 
the release of the extracellular domain. Herceptin has been shown to inhibit erbB2 ectodomain cleavage in breast 
cancer cells (Albenall et al 2003). There may be other undiscovered mechanisms by which Herceptin induces regre 
in cancer. 

Impact 

Herceptin has had a "major impact in the treatment of HER2-positive metastatic breast cancer" (Tan and Swain 20< 
combination with chemotherapy Herceptin has been shown to increase both survival and response rate in compari; 
Herceptin alone (Nahta and Esteva 2003). It is possible to determine the 'erbB2 status* of a tumour, which can be l 
to predict efficacy of treatment with Herceptin. If it is determined that a tumour is overexpressing the erbB2 once 
then a patient is eligible for treatment with Herceptin (Yu and Hung 2000). It is surprising that although erbB2 has 
affinity for the receptor and the fact that such a high dose can be administered (due to its low toxicity) 70% of pat 
do not respond to treatment. In fact resistance is developed rapidly on treatment of virtually all patients. It is 
suggested that a mechanism of resistance is the lack p27Kip1 translocation to the nucleus in some strains, enablim 
to induce cell proliferation (Kute et al., 2004). 

Some recent clincial trials have found trastuzumab reduces the risk of relapse in breast cancer patients by 50% wh 
given in the adjuvant setting (i.e. after breast cancer surgery, before the cancer has spread any further) for one y 
(Romond et al and Piccart-Gebhard et al 2005). In one British trial this translated as 9.4% of those on the drug relc 
as opposed to the 17.2% of those not on Herceptin. 

There has been some recent debate on as to whether these benefits may have been over-stated (e.g., Littlejohn 2 

Side effects 

One of the significant complications of trastuzumab is its effect on the heart. Trastuzumab is associated with card 
dysfunction in 2-7% of cases. The risk of cardiomyopathy is increased when trastuzumab is combined with anthrac> 
chemotherapy (which itself is associated with cardiac toxicity). 

History 

The biotech company Genentech gained FDA approval for trastuzumab in September 1998 . The drug was jointly 
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developed by that company, where the antibody was first discovered by scientists that included Dr Axel Ullrich, ar 
Jonsson .Cancer Center at UCLA, where Dr Dennis Slamon subsequently worked further on trastuzumab's developrm 

In the clinical trials leading up to trastuzumab's approval 42% of patients taking trastuzumab in combination with t 
chemotherapy drug paclitaxel had significant responses. The comparable rate for the taxane alone was only 16%. 
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I nside This Issue 

■ Benefit Drug List - Trastuzumab (Herceptin®) 

■ Protocol Update -BRAVTRAP 

■ Focus on - Trastuzumab (Herceptin®) 

FAX request form and IN TOUCH phone list are 
provided if additional information is needed. 

Benefit Drug List 

The following new program has been funded by the 
Provincial Systemic Therapy Program effective 
22 November 1999: 

Palliative therapy for metastatic breast cancer 
using trastuzumab (Herceptin®) and paclitaxel 
(Taxol®) as first-line treatment for recurrent breast 
cancer refractory to anthracycline adjuvant 
chemotherapy 

Trastuzumab is now approved as a Class II drug on 
the benefit list when used in combination with 
paclitaxel. A Class II form must be completed and 
submitted to the Provincial Systemic Therapy 
Program before the drug will be dispensed at a 
radiation cancer centre or reimbursed to a 
community hospital. Use of trastuzumab as a single 
agent therapy will continue to require approval 
under "Undesignated Indication". 

Susan O'Reilly, MB, FRCPC 
Provincial Systemic Program Leader 



■ BRAVTRAP new (replacing UBRAVTRAP): 
Palliative therapy for metastatic breast cancer 
using trastuzumab and paclitaxel as first-line 
treatment for recurrent breast cancer refractory 
to anthracycline adjuvant chemotherapy 

Focus on Trastuzumab (Herceptin©) 

Trastuzumab (Herceptin®) is an antibody against 
HER2, an oncogene overexpressed in some cancer 
cells. HER2 overexpression occurs in 20-30% of 
breast cancer patients. 

Trastuzumab in combination with paclitaxel is 
included on the BCCA Benefit Drug List for 
patients with metastatic breast cancer who 
(1) substantially overexpressed HER2 and (2) have 
relapsed within 12 months of anthracycline- 
containing adjuvant chemotherapy (see protocol 
BRAVTRAP). A Class II form must be submitted. 



Trastuzumab and Chemotherapy 

A randomised multinational controlled Phase EH 
trial studied the addition of trastuzumab to 
chemotherapy in women with metastatic breast 
cancer that overexpressed HER2. Four hundred 
and sixty-nine patients received either 

(1) doxorubicin-cyclophosphamide (AC) or 

(2) paclitaxel for those patients that had previously 
received anthracyclines. 1 As well, half of the 
patients were randomised to receive weekly 
trastuzumab. 



Protocol Update 

Protocol codes for treatments requiring 
"Undesignated Indication" approval prior to use are 
prefixed with the letter U. 

■ INDEX to BCCA Protocol Summaries revised 
monthly (includes tumour group, protocol code, 
indication, drugs, last revision date and version) 



The addition of trastuzumab to chemotherapy 
significantly improved response rates and time to 
disease progression compared to chemotherapy 
alone. The response rate for paclitaxel plus 
trastuzumab was 57% (vs. 25% with paclitaxel 
alone) and time to disease progression was 7.1 
months (vs. 4.2 months with paclitaxel alone). 
Although the same improvement was seen with the 
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addition of trastuzumab to AC, excessive 
cardiotoxicity in this group precludes the use of this 
combination in clinical practice. 

Cardiotoxicity 

There was a 2-4% incidence of cardiotoxicity using 
trastuzumab with paclitaxel. 2 * 3 The mechanism of 
the cardiotoxicity is not clear but appears to be 
related to previous anthracycline exposure. For 
patients with equivocal cardiac status, a MUGA 
scan or echocardiogram should be done prior to 
treatment. Only patients with a normal left 
ventricular ejection fraction should be treated with 
trastuzumab. 

Administration 

Trastuzumab is given intravenously using a loading 
dose of 4 mg/kg followed by weekly maintenance 
doses of 2 mg/kg. The first trastuzumab dose is 
given in 250 mL NS over 90 minutes. If well 
tolerated, subsequent trastuzumab doses can be 
given over 30 minutes. The first paclitaxel dose is 
given the day following the first trastuzumab dose, 
but if well tolerated both drugs can subsequently be 
scheduled for the same day. 

Trastuzumab is given weekly whereas paclitaxel is 
given every 3 weeks. If there is no response after 
2 cycles of paclitaxel, the treatment should be 
discontinued. Otherwise the planned treatment 
duration for paclitaxel is 6 doses in a responding 
patient. At this time the optimal duration of 
trastuzumab therapy is unknown so it may be 
continued until progression or toxicity in a 
responding patient. Continued use of trastuzumab 
as single agent therapy beyond 6 cycles would 



require an approval for "Undesignated Indication". 
Because of the risk of cardiotoxicity, the patient 
must be carefully monitored for both response and 
toxicity. 

Trastuzumab Infusion-Associated 
Symptoms 

Chills and fever occur in 40% of patients during the 
first trastuzumab infusion but are infrequent with 
subsequent infusions. Other signs and symptoms 
may include nausea, vomiting, pain (sometimes at 
tumour sites), rigors, headache, dizziness, dyspnea, 
hypotension, rash and asthenia. Symptoms may be 
treated with acetaminophen, diphenhydramine and 
meperidine with or without an infusion rate 
reduction. 

R. O'Brien PharmD, BCCA Drug Information Pharmacist 
Reviewed by K. Gelmon, MD, BCCA Medical Oncologist 
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New Drugs 

Trastuzumab, a Recombinant DNA-Derived Humanized 
Monoclonal Antibody, a Novel Agent for the Treatment 
of Metastatic Breast Cancer 



Marvin M. Goldenberg, PhD 

Mount Sinai NYU Health, New York, New York 



ABSTRACT 

Amplification of the human epidermal 
growth factor receptor 2 protein (HER2) in 
primary breast carcinomas has been shown 
to correlate with poor clinical prognosis for 
certain patients. Trastuzumab (Herceptin®, 
Genentech, Inc., South San Francisco, Cal- 
ifornia) is a highly purified recombinant 
DNA-derived humanized monoclonal im- 
munoglobulin Gl kappa antibody that binds 
with high affinity and specificity to the ex- 
tracellular domain of the HER2 receptor. In 
vitro and in vivo preclinical studies have 
shown that administration of trastuzumab 
alone or in combination with paclitaxel or 
carboplatin significandy inhibits the growth 
of breast tumor-derived cell lines that over- 
express the HER2 gene product. At thera- 
peutic doses in breast cancer patients, the 
mean half-life of trastuzumab is 5.8 days. 



Trastuzumab serum concentrations reach 
steady state with mean trough and peak 
concentrations of 79 ^g/mL and 123 
jig/mL, respectively. In a 222-patient, single- 
arm clinical study, treatment with a loading 
dose of trastuzumab 4 mg/kg administered 
IV followed by weekly IV doses of 2 mg/kg 
produced an overall response rate of 14% 
(2% complete remission and 12% partial 
remission). The beneficial effects were 
greatest in patients with the greatest degree 
(3+) of HER2 protein overexpression. In 
another clinical study, 469 women with 
metastatic breast carcinoma were random- 
ized to a paclitaxel or anthracycline-plus- 
cyclophosphamide regimen with or without 
trastuzumab. The overall response rate was 
significandy greater in the trastuzumab- 
plus-chemotherapy group than in the 
chemotherapy-alone cohort. The magnitude 
of observed effects was greatest with pacli- 
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taxel plus trastuzumab. The most common 
adverse effects attributed to trastuzumab in 
clinical studies were fever and chills, pain, 
asthenia, nausea, vomiting, increased 
cough, diarrhea, headache, dyspnea, infec- 
tion, rhinitis, and insomnia. Trastuzumab in 
combination with chemotherapy can lead 
to cardiotoxicity, leukopenia, anemia, diar- 
rhea, abdominal pain, and infection. Tras- 
tuzumab has been approved by the US Food 
and Drug Administration as a single agent 
for the treatment of patients who have 
metastatic breast cancer involving overex- 
pression of the HER2 protein and who have 
received I or more chemotherapy regimens; 
in combination with paclitaxel, it has been 
approved for the treatment of such patients 
who have not received chemotherapy. Key 
words: trastuzumab, HER2 overexpression, 
metastatic breast cancer, rhuMabHER2. 

INTRODUCTION 

Based on data in the Surveillance, Epi- 
demiology, and End Results database of 
the National Cancer Institute, the age- 
adjusted incidence of invasive breast can- 
cer in white and black women for the years 
1990 and 1995 was 114.5 and 100.5 cases 
per 100,000 persons, respectively; the 
mortality rate was 26 and 3 1 .5 cases per 
100,000 persons, respectively. 1 It was es- 
timated that breast cancer (excluding 
breast carcinoma in situ) would be newly 
diagnosed in 178,700 women and be the 
reported cause of death in 43,500 women 
in 1998. 2 In 1994, stage IV or metastatic 
breast cancer constituted 3.6% and 6.2% 
of all breast cancer types among white 
and black women, respectively. 3 It has 
been estimated that over 80,000 women 
per year will develop metastatic or re- 
fractory breast cancer, with rates of 
metastatic disease having remained con- 



stant in white women between 1973 and 
1993. 4 - 5 

Growth factors and their receptors play 
pivotal roles in the regulation of cell growth 
and differentiation. 6 Malignancy arises 
from a stepwise progression of genetic 
events that often includes unregulated ex- 
pression of growth factor receptors or ele- 
ments of their signaling pathways. 6 * 7 Over- 
expression, or amplification, of the human 
epidermal growth factor receptor (EGFR) 2 
protein (HER2), which is correlated with 
poor clinical outcome in patients with breast 
cancer, is believed to result from gene am- 
plification. 8 This protein is located on the 
cell's surface, where it interacts with growth 
factors. When the HER2 protein is overex- 
pressed, the cells divide, grow, and multi- 
ply at a faster rate than normal, contribut- 
ing to the development of cancer. When 
both node-negative and node-positive 
breast cancers were reviewed, a significant 
difference in 5-year survival was found 
between primary breast cancers that over- 
expressed HER2 compared with those that 
did not. 9 Studies in breast cancer patients 
have shown that 25% to 30% of breast can- 
cers overexpress the HER2 gene. 10 

The HER2 gene (also known as neu 
and c-erbB-2) encodes a 185-kd trans- 
membrane/kinase receptor, designated 
pl85HER2, that has partial homology with 
the other members of the EGFR family. 1 1-1 3 
Antibodies directed against HER2 can in- 
hibit the growth of tumor xenografts and 
transformed cells that express high con- 
centrations of this receptor. 14 * 15 The murine 
monoclonal antibody mumAB4D5, di- 
rected against human p!85HER2, has been 
shown to specifically inhibit proliferation 
of human tumor cells overexpressing this 
receptor. 16 Amplification or overexpres- 
sion of HER2 is associated with multiple 
human malignancies, especially breast can- 
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cer, 17 and with more rapid cancer progres- 
sion and shortened survival. 10 A similar 
but less frequent amplification of the 
HER2/c-erbB-2 gene has been described in 
gastric adenocarcinoma. 18 

DESCRIPTION OF TRASTUZUMAB 

A recombinant humanized anti-HER2 an- 
tibody, trastuzumab (Herceptin®, Genen- 
tech, Inc., South San Francisco, Califor- 
nia) was constructed and developed to 
determine whether its use, either alone or 
in combination with chemotherapeutic 
agents, could reduce the progression of 
malignancy in women with advanced 
breast cancer. Assays were performed both 
in vitro and in animal models to find 
whether the recombinant human mono- 
clonal antibody inhibited the proliferation 
of tumor cells overexpressing HER2. The 
agent's safety was also a critical concern 
of these studies. 

Trastuzumab is a highly purified recom- 
binant DNA-derived humanized mono- 
clonal immunoglobulin Gl kappa antibody 
that in a cell-based assay (kd = 5 nmol), 
binds selectively and with high affinity to 
the extracellular domain of the human 
EGFR2 protein, HER2. 10,17 It is produced 
by mammalian cell culture using Chinese 
hamster ovary suspension culture in a nu- 
trient medium containing the antibiotic 
gentamicin. The antibiotic is not detectable 
in the final product. The approximate 
weight of the antibody is 148 kd. 

Trastuzumab binds with high affinity 
and specificity to the extracellular domain 
of the HER2 receptor that is overex- 
pressed in some breast cancer cells. The 
antibody contains human framework re- 
gions, with the complementarity-deter- 
mining regions of a murine antibody 
(4D5) that binds to HER2. 15 



PRECLINICAL STUDIES 

In 1 study, 19 SKBR3 human breast tumor 
cells overexpressing the HER2/c-erbB-2 
gene or A431 human squamous carcinoma 
cells overexpressing the EGFR gene were 
grown in flasks. The cells were detached 
from the flasks by treatment with 25 mmol/L 
ethylenediamine-tetraacetic acid/0. 15 mol/L 
sodium chloride, collected by low-speed 
centrifugation, and suspended at 1 x 10 6 
cells/mL in phosphate buffered saline/1% 
fetal bovine serum. Each cell line (1 mL) 
was incubated with 10 fig of either anti- 
HER2/c-erbB-2 monoclonal antibody (4D5) 
or a control antibody recognizing the 
hepatitis B surface antigen. The mono- 
clonal antibody 4D5 was bound to the sur- 
face cells of the human tumor cell line ex- 
pressing pl85HER2, as measured by 
fluorescence-activated cell sorting. There 
was a 160-fold increase in cellular fluores- 
cence compared with a control monoclonal 
antibody when 4D5 was added to SKBR3 
breast adenocarcinoma cells. This cell line 
contains an amplified HER2/c-erbB-2 gene 
and expresses high concentrations of 
P185HER2. 19 - 20 In contrast, the squamous 
carcinoma cell line A431, which expresses 
about 2 x 10 6 EGFR per cell 21 but only low 
concentrations of pl85HER2, exhibited 
only a twofold increase in fluorescence 
with 4D5 compared with a control mono- 
clonal antibody. 

Most anti-HER2/c-erbB-2 monoclonal 
antibodies that recognize the extracellular 
domain inhibited the growth of SKBR3 
cells in this study. 19 Maximum inhibition 
was obtained with monoclonal antibody 
4D5, which inhibited cellular prolifera- 
tion by 56%. The control antibodies had 
no significant effect on cell growth. 

In another study, 16 the humanized mono- 
clonal antibody 4D5-8 was found to 
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bind to pl85HER2 with high affinity 
(250 times control) and to prevent the 
proliferation of the human mammary ade- 
nocarcinoma cell line SKBR3. The mono- 
clonal antibody also promoted antibody- 
dependent cellular toxicity against SKBR3 
tumor cells in the presence of human ef- 
fector cells but was not effective in di- 
recting the killing of normal (WI-38) cells, 
which express pl85HER2 at much lower 
concentrations. This finding predicted ef- 
fective treatment of human cancers that 
overexpress pl85HER2 with human anti- 
body 4D5-8. 

The results of these 2 studies indicate 
that trastuzumab has a higher affinity for 
pl85HER2 (kd = 0.1 nmol) than does the 
murine Mab 4D5 and has a cytostatic 
growth-inhibitory effect against breast 
cancer cells overexpressing HER2. An ad- 
ditional in vitro study 22 suggests that the 
growth of those breast cancer cell lines 
having the highest basal concentration of 
pl85HER2 is most inhibited by the anti- 
pl85HER2 antibody. 

In another in vitro study, 23 a significant 
synergistic suppression of cell prolifera- 
tion was observed between 4D5 antibody 
and cisplatin in SKBR3 breast carcinoma 
cells overexpressing the HER2/neu gene 
(P < 0.001). Such synergistic activity was 
also noted when 4D5 was added to 
SKBR3 cells in combination with carbo- 
platin (P < 0.001). To confirm the relative 
receptor-dependent specificity of this phe- 
nomenon, C13pRV-CON cells that did not 
overexpress the HERVneu proto-oncogene 
were treated with identical antibody/drug 
combinations, and no apparent synergistic 
decrease in cell growth was observed. The 
synergistic effect of the combination of 
4D5 and cisplatin was confirmed in vivo 
in tumor-bearing mice, where significant 
and marked inhibition of tumor growth 



was observed that exceeded the effect of 
either agent alone (P < 0.005). 

In a study of tumor growth in athymic 
nude mice, 24 treatment with rhuMabHER2 
0.1 to 30 mg/kg intraperitoneally twice 
weekly plus paclitaxel 5 to 10 mg/kg IV 
on days 1 and 4 significantly enhanced 
inhibition of tumor growth (93%, P = 
0.006) compared with either agent ad- 
ministered alone. In addition, tumor 
growth inhibition at 5 weeks was signifi- 
cantly superior in the group treated with 
the monoclonal antibody plus paclitaxel 
compared with paclitaxel alone (P = 
0.016) but not rhuMabHER2 alone (P - 
0.4). Therapy combining the antibody 
with doxorubicin inhibited growth by 70% 
versus control-treated mice (P = 0.04) but 
was not statistically superior to doxoru- 
bicin alone (P = 0.16) or the antibody 
alone (P = 0.59). 

PHARMACOKINETICS 

The pharmacokinetic properties of tras- 
tuzumab have been studied in patients 
with metastatic breast cancer. 25 Short- 
duration IV infusions of 10 to 500 mg 
once weekly showed dose-response kinet- 
ics. That is, mean half-life increased and 
clearance decreased with increasing 
doses. The half-life averaged 1.7 and 12 
days at the 10- and 500-mg doses, re- 
spectively. The volume of distribution was 
approximately equal to that of serum vol- 
ume (44 mL/kg). At the highest weekly 
dose (500 mg) studied, mean peak serum 
concentrations were 377 jig/mL. 

In studies of trastuzumab using a load- 
ing dose of 4 mg/kg followed by a weekly 
maintenance dose of 2 mg/kg, the mean 
half-life was 5.8 days (range, 1 to 32 
days). 26 Between weeks 16 and 32, tras- 
tuzumab serum concentrations reached 
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steady-state with mean trough and peak 
concentrations of approximately 79 and 
123 jtg/mL, respectively. 

Detectable concentrations of the cir- 
culating extracellular domain of the 
HER2 receptor (shed antigen) were 
found in the serum of some patients with 
tumors overexpressing HER2. Determi- 
nation of shed antigen in baseline serum 
samples revealed that 64% of patients 
had detectable shed antigen at concen- 
trations ranging as high as 1.88 jig/mL. 
Patients with higher baseline concentra- 
tions of shed antigen were more likely to 
have lower serum trough concentrations 
of trastuzumab. However, with weekly 
dosing, most patients with elevated con- 
centrations of shed antigen achieved tar- 
get serum concentrations of trastuzumab 
by week 6. 25 

CLINICAL EXPERIENCE 

A study was conducted in 46 patients with 
metastatic breast cancer that overex- 
pressed HER2. 27 Patients received a load- 
ing dose of 250 mg trastuzumab IV over 
a 90-minute period (day 0), followed by 
one 100-mg dose for 10 weeks beginning 
on day 7. At the conclusion of the treat- 
ment period, patients with stable disease 
or a minor, partial, or complete response 
were entered into a maintenance phase 
consisting of weekly trastuzumab admin- 
istration until disease progression. 

All patients had measurable disease, 
had a Karnovsky performance status of 
fc60% (required occasional help carrying 
out normal activities), and retained hema- 
tologic, hepatic, renal, and pulmonary 
function. Chemotherapy or additive hor- 
mone therapy was not permitted within 3 
weeks before study entry (6 weeks for 
mitomycin or nitrosoureas). Tumor ex- 



pression of HER2 was determined by im- 
munohistochemical analysis. 8 ' 10 

Tumor response was ascertained at the 
completion of the initial 1 1-week treatment 
period. Complete response was defined as 
the disappearance of all radiographically 
or visually apparent tumors; partial re- 
sponse as a &50% reduction in the sum of 
the products of the perpendicular diame- 
ters of all measurable lesions; minimal re- 
sponse as a *25% and <50% reduction in 
the diameters of all measurable lesions; 
stable disease as no change &25% in the 
size of any measurable lesion; and pro- 
gressive disease as a >25% increase in any 
measurable lesion or the appearance of any 
new lesion. To be considered responders, 
patients had to have achieved at least sta- 
bility of bone lesions. Time to tumor pro- 
gression was calculated from the begin- 
ning of therapy to progression. 

Forty-three patients were assessable for 
treatment response on day 77. Three pa- 
tients were not assessable for response: 1 
had a bacteremic infection of an IV 
catheter that required prolonged antibiotic 
administration, precluding treatment with 
trastuzumab; 1 patient discontinued treat- 
ment for personal reasons; and 1 patient 
died of congestive heart failure associated 
with prior doxorubicin treatment. The 
overall response rate to trastuzumab 
(complete plus partial responses) was 
11.6% (95% confidence interval, 4.36 to 
25.9) in the 43 patients. Two patients had 
a minimal response, and 14 patients had 
stable disease at day 77. These patients 
entered a maintenance phase consisting of 
weekly antibody administration until pro- 
gression of disease. The median time to 
progression for patients with either mini- 
mal or stable disease was 5.1 months. 

An additional patient had a >50% re- 
duction in the size of the metastatic le- 
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sions on her mediastinum and chest wall 
after 2 weeks of treatment. Although the 
duration of the response was >4 weeks, 
by evaluation day 77 the lesion had begun 
to regrow from the size reached at its max- 
imal response to therapy. According to the 
protocol, this patient was considered not 
to have had a response to treatment but 
rather to have had progression of disease. 
Thus 37% of the patients achieved a min- 
imal response or stable disease with 
trastuzumab treatment. 

Therapy with trastuzumab was well tol- 
erated. Of 768 administrations of tras- 
tuzumab, only 11 events occurred that 
were considered related to use of the an- 
tibody. Fever and chills occurred on 5 oc- 
casions after the first administration of 
trastuzumab. The fever lasted <8 hours in 
all cases and did not recur on subsequent 
administrations of the antibody. Three pa- 
tients experienced chest pain in areas of 
tumor involvement shortly after infusion 
of the first dose of trastuzumab. The pain 
did not recur on successive administra- 
tions of the antibody. None of the patients 
whose cancer regression met the formal 
criteria for complete or partial response 
had pain at a tumor site after administra- 
tion of trastuzumab. 

The activity of trastuzumab was assessed 
in a phase II efficacy trial in 222 women. 27 
This was a multicenter, open-label, single- 
agent, single-arm study in patients with 
metastatic breast cancer that overexpressed 
HER2. Of the 222 patients, 66% had re- 
ceived prior adjuvant chemotherapy, 68% 
had received 2 prior chemotherapy regi- 
mens for metastatic disease, and 25% had 
received prior myeloablative treatment 
with hematopoietic rescue. Patients were 
treated with an IV loading dose of 4 mg/kg, 
followed by weekly doses of trastuzumab 
at 2 mg/kg IV. Nine patients did not re- 



ceive trastuzumab. The overall response 
rate (complete plus partial responses), as 
determined by an independent response- 
evaluation committee, was 14%, with a 2% 
complete response rate and a 12% partial 
response rate. The overall response rate in 
trastuzumab- treated patients was 21%. Ma- 
jor responses were observed in lesions of 
the liver, mediastinum, lymph nodes, and 
chest wall. The median survival was 13 
months (Kaplan-Meier estimate). Two pa- 
tients discontinued treatment because of 
adverse effects. Reduction in cardiac ejec- 
tion fraction was observed in 9 patients, of 
whom 6 were symptomatic; all 9 had had 
either prior anthracycline therapy or a sig- 
nificant cardiac history at study entry. One 
patient died of ventricular arrhythmia. 

The degree of HER2 overexpression 
was a predictor of treatment effect in this 
study. Tumor specimens were subjected 
to a research-use-only immunohistochem- 
ical assay and scored from 0 to 3+, with 
3+ indicating the strongest positivity. Only 
patients with 2+ or 3+ tumors (about 33% 
of those screened) were eligible for study 
entry. Data from the efficacy trial 27 sug- 
gested that beneficial treatment effects 
were largely limited to patients with the 
highest level (3+) of HER2 protein over- 
expression. 

The phase III study was a multinational, 
randomized, open-label, controlled study 
that assessed the safety and effectiveness 
of adding trastuzumab to first-line che- 
motherapy regimens. 28 The primary end 
point of the study was time to disease pro- 
gression. A total of 469 women with 
metastatic breast carcinoma were ran- 
domized to treatment with either pacli- 
taxel or anthracycline plus cyclophos- 
phamide with or without trastuzumab. 
Eligible women were >18 years of age, 
had a Kamovsky performance status of 
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a60%, and had received no previous cy- 
totoxic chemotherapy for metastatic dis- 
ease. Women who had received prior hor- 
mone therapy or radiotherapy in an 
adjuvant or metastatic setting were eligi- 
ble, as were women who had received cy- 
totoxic chemotherapy in the adjuvant set- 
ting. Patients who had received prior 
adjuvant anthracycline therapy were as- 
signed to paclitaxel therapy, and patients 
who had not had prior adjuvant anthracy- 
cline therapy were assigned to the anthra- 
cycline treatment group. Trastuzumab was 
administered IV as a 4-mg/kg loading 
dose on day 0, followed by weekly IV in- 
fusions of 2 mg/kg until disease progres- 
sion. Each chemotherapeutic regimen was 
administered every 3 weeks for 6 cycles. 

Patients who were randomized to 
trastuzumab plus chemotherapy benefited 
measurably in terms of time to disease 
progression, overall response rate, median 
duration of response, and 1-year survival 
compared with patients treated with 
chemotherapy alone. As determined by the 
independent response assessment commit- 
tee, the median time to disease progres- 
sion was 12 months in the trastuzumab- 
plus-chemotherapy cohort, compared with 
45 months in the chemotherapy-alone co- 
hort. The difference in overall time to dis- 
ease progression between treatment groups 
was statistically significant (P < 0.0001). 
The overall response rate was 45% in the 
trastuzumab-plus-chemotherapy group, 
compared with 29% in the chemotherapy- 
alone group (P < 0.001). The magnitude 
of effects was greatest in the paclitaxel 
subgroup. 

Both trastuzumab cohorts in the phase 
III trial 28 had an increased incidence of 
cardiac dysfunction compared with either 
anthracycline plus cyclophosphamide 
alone or paclitaxel alone. The incidence 



and severity of cardiac dysfunction were 
particularly high in those patients who re- 
ceived trastuzumab in combination with 
anthracycline therapy. The reported inci- 
dence of any cardiac dysfunction (which 
could include dyspnea, increased cough, 
paroxysmal nocturnal dyspnea, peripheral 
edema, S3 gallop, and reduced ejection 
fraction) was 28% in patients treated with 
trastuzumab plus anthracycline and 7% in 
patients treated with anthracycline alone. 
Patients randomized to trastuzumab plus 
paclitaxel had a reported 11% incidence of 
cardiac dysfunction, compared with 1% with 
paclitaxel alone. Nineteen percent of patients 
in the tratuzumah^plus-anthracycline cohort 
developed congestive heart failure of class 
III or IV severity. 

OVERALL SAFETY 

The most common adverse effects attrib- 
uted to trastuzumab in the clinical trials 
were fever and chills and other constitu- 
tional symptoms, most often infusion re- 
lated. Other adverse effects reported in- 
cluded pain, asthenia, nausea, vomiting, 
increased cough, diarrhea, headache, dysp- 
nea, infection, rhinitis, and insomnia. 
Mild-to-moderate diarrhea was experi- 
enced by 25% of patients. 

In the randomized, controlled clinical 
trials, the incidence of the following ad- 
verse events was higher in patients re- 
ceiving trastuzumab in combination with 
chemotherapy than in patients receiving 
chemotherapy alone: cardiotoxicity, leu- 
kopenia, anemia, diarrhea, abdominal 
pain, and infection. The majority of cy- 
topenic events were mild or moderate and 
reversible, and none resulted in discontin- 
uation of trastuzumab therapy. 

During the first infusion of trastuzumab, 
a symptom complex most commonly con- 
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sisting of chills and/or fever was observed 
in about 40% of patients. The symptoms 
were usually of mild-to-moderate severity 
and were treated with acetaminophen, 
diphenhydramine, or meperidine. Overall, 
discontinuation of trastuzumab treatment 
was infrequent. Other signs and symptoms 
after the first infusion included nausea, 
vomiting, pain t rigors, headache, dizzi- 
ness, dyspnea, hypotension, rash, and as- 
thenia. Symptoms occurred infrequently 
with subsequent trastuzumab infusions. 

PRESCRIBING INFORMATION 

Treatment may be carried out in an out- 
patient setting by administering a 4-mg/kg 
trastuzumab loading dose by IV infusion 
over 90 minutes and subsequent weekly 
IV doses of 2 mg/kg administered over 30 
minutes. 

As a single agent, trastuzumab is indi- 
cated for the treatment of patients with 
metastatic breast cancer whose tumors 
overexpress the HER2 protein and who 
have received 1 or more chemotherapy 
regimens for their metastatic disease. 
Trastuzumab is indicated in combination 
with paclitaxel for the treatment of pa- 
tients with metastatic breast cancer whose 
tumors overexpress the HER2 protein and 
who have not received chemotherapy for 
their metastatic disease. 

DISCUSSION AND CONCLUSIONS 

Trastuzumab is the first biologic agent or 
recombinant humanized monoclonal anti- 
body designed to selectively target the ex- 
tracellular HER2 receptor. The results of 
preclinical and clinical studies indicate 
that an anti-EGFR-directed strategy is 
useful in the treatment of advanced 
metastatic breast cancer. The US Food 



and Drug Administration has approved 
trastuzumab for marketing as a single 
agent or in combination with paclitaxel in 
patients whose tumors overexpress HER2. 

The use of trastuzumab in combination 
with chemotherapeutic agents is not without 
substantial risk (ie, the possibility of devel- 
oping clinically significant congestive heart 
failure, cardiac dysfunction, and ventricular 
dysfunction). Therefore, candidates for tras- 
tuzumab therapy should undergo a thorough 
baseline cardiac assessment (eg, electrocar- 
diogram, echocardiogram, and multigated 
angiogram). Patients receiving trastuzumab 
should be monitored frequently for deterio- 
rating cardiac function. The probability of 
cardiac dysfunction appears to be greatest in 
patients receiving trastuzumab concurrently 
with anthracycline and cyclophosphamide 
therapy. Discontinuation of trastuzumab 
therapy should be considered in patients 
with signs and symptoms of clinically sig- 
nificant congestive heart failure, as well as 
those with a significant decrease in left ven- 
tricular function. 

Amplification of the HER2 gene is a 
predictor of both relapse and survival in 
patients with node-positive breast cancer 
and is superior to all other prognosticators 
with the exception of lymph-node posi- 
tivity. 8 The fact that the HER2 gene is al- 
tered in 25% to 30% of these cases and 
that alteration is associated with poor pa- 
tient outcome indicates that HER2 may 
play a role in the pathogenesis of a sig- 
nificant number of human tumors. How- 
ever, this does not preclude the possibil- 
ity that other genes or genetic elements 
may be of importance in these diseases. 
The HER2 gene should be a focus of at- 
tention in the diagnosis and treatment of 
human breast cancer. 

Although trastuzumab has been ap- 
proved, additional studies are needed to 
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determine its efficacy in combination with 
chemotherapy compared with chemother- 
apy alone in patients with 2+ HER2 over- 
expression (weakly positive). Additional 
studies are also needed to predict and di- 
minish the risk of trastuzumab-induced 
cardiotoxicity. 
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ABSTRACT: Development of formulations for protein drugs requiring high dosing 
(in the order of mg/kg) may become challenging for solubility limited proteins and for the 
subcutaneous (SC) route with <1.5 mL allowable administration volume that requires 
>100 mg/mL protein concentrations. Development of high protein concentration 
formulations also results in several manufacturing, stability, analytical, and delivery 
challenges. The high concentrations achieved by small scale approaches used in pre- 
formulation studies would have to be confirmed with manufacturing scale processes and 
with representative materials because of the lability of protein conformation and the 
propensity to interact with surfaces and solutes which render protein solubilities that are 
dependent on the process of concentrating. The concentration dependent degradation 
route of aggregation is the greatest challenge to developing protein formulations at these 
higher concentrations. In addition to the potential for nonnative protein aggregation and 
particulate formation, reversible self-association may occur, which contributes to pro- 
perties such as viscosity that complicates delivery by injection. Higher viscosity also 
complicates manufacturing of high protein concentrations by nitration approaches. 
Chromatographic and electrophoretic assays may not accurately determine the non- 
covalent higher molecular weight forms because of the dilutions that are usually 
encountered with these techniques. Hence, techniques must be used that allow for direct 
measurement in the formulation without substantial dilution of the protein. These 
challenges are summarized in this review. © 2004 Wiley-Liss, Inc. and the American 
Pharmacists Association J Pharm Sci 93:1390-1402, 2004 

Keywords: protein formulation; high concentration; pharmaceutical; manufacturing; 
analytical; viscosity 



INTRODUCTION 

Over the past two decades, recombinant DNA 
technology has led to the commercialization of 
many protein therapeutics requiring successful 
formulations. The most conventional route of 



Correspondence to: Steven J. Shire (Telephone: 650-225- 
2077; Fax: 650-225-7234; E-mail: steve_shire@gene.com) 

Journal of Pharmaceutical Sciences, Vol. 93, 1390-1402 (2004) 
© 2004 Wiley-Liss, Inc. and the American Pharmacists Association 



delivery for protein drugs has been intravenous 
(IV) administration because of poor bioavailabi- 
lity by most other routes, greater control during 
clinical administration, and faster pharma- 
ceutical development. For products that require 
frequent and chronic administration, the alter- 
nate subcutaneous (SC) route of delivery is more 
appealing. Particularly when coupled with pre- 
filled syringe and autoinjector device technology, 
SC delivery allows for home administration and 
improved compliance of administration, and may 
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result in expanded product markets. Proteins 
such as monoclonal antibodies are often adminis- 
tered with frequent dosing regimens and at high 
doses (several mg/kg). Two antibodies, Rituxan® 
and Herceptin® that have been approved for the 
treatment of cancer are intravenously adminis- 
tered in hospitals, but several programs are un- 
derway for use of monoclonal antibodies to treat 
diseases that may require outpatient adminis- 
tration, and hence require the development of SC 
route of administration. Treatments with high 
doses, e.g., more than 1 mg/kg or 100 mg per dose, 
require development of formulations at concen- 
trations exceeding 100 mg/mL because of the 
small volume (<1.5 mL) that can be given by the 
SC routes. For some proteins, that have limited 
solubility, achieving such high concentration 
formulations may require the use of solubility 
enhancers. Even for the IV delivery route, where 
large volumes can be administered, protein con- 
centrations of tens of milligram per milliliter may 
be needed for high dosing regimens and this may 
pose solubility challenges for some proteins such 
as cytokines and enzymes. Development of for- 
mulations at high concentrations also poses 
stability, manufacturing, and delivery challenges 
related to the propensity of proteins to aggregate 
at the higher concentrations. These challenges 
and appropriate analytical techniques for asses- 
sing high concentration protein formulations will 
be discussed. 



SOLUBILITY CONSIDERATIONS 

A potential challenge to developing a protein 
formulation that enables the desired dosing is 
achieving the required protein concentration in 
solution. The desired protein concentration may 
be difficult to achieve for some enzymes and 
cytokines that have limited solubility. The princi- 
ples governing protein solubility are more compli- 
cated than those for small synthetic molecules, 1,2 
and thus overcoming the protein solubility issue 
takes different strategies. Operationally, solu- 
bility for proteins could be described by the 
maximum amount of protein in the presence of 
co-solutes whereby the solution remains visibly 
clear (i.e., does not show protein precipitates, 
crystals, or gels,), or does not sediment at 
30,000# centrifugation for 30 min. 3 The depen- 
dence of protein solubility on ionic strength, salt 
form, pH, temperature, and certain excipients has 
been mechanistically explained by changes in 



bulk water surface tension and protein binding to 
water and ions versus self-association. 1,3 " 5 Bind- 
ing of proteins to specific excipients or salts 
influences solubility through changes in protein 
conformation or masking of certain amino acids 
involved in self-interaction. Proteins are also 
preferentially hydrated (and stabilized as more 
compact conformations) by certain salts, amino 
acids, and sugars, leading to their altered solubi- 
lity. 5 Protein solubility could also depend on the 
level of purity of the protein preparation; e.g., 
fibrinogen solubility was found to be dependent on 
the initial amount of protein because of the 
impurities and heterogeneity of the preparation. 6 
Hence, selection of a protein formulation based on 
preformulation work that uses materials from 
early process development runs may be a mis- 
guided decision and needs to be verified with 
representative larger scale preparations. 

Determining the highest protein concentration 
achievable remains an empirical exercise because 
the lability of protein conformation and the pro- 
pensity to interact with itself, with surfaces, and 
with specific solutes, all lead to protein solubili- 
ties that depend on the process of concentrating. 
Table 1 lists the various methods for concentrating 
a protein solution, with their advantages and prac- 
tical limitations. Early in preformulation studies 
where material is limited, small-scale methods are 
needed to achieve high protein concentrations. 
The most mechanically gentle and rapid methods 
involve osmotic pressure dependent microdial- 
ysis principles. 7,8 One such method 7 very rapidly 
achieves several orders of magnitude increase in 
protein concentration simultaneous with buffer 
exchange using only ~0. 1 mg protein. Though this 
approach is a useful tool for rank ordering of 
solubility in various formulation compositions, for 
some cytokines, it gave 10-times higher solubilities 
than those reached by dialfiltration/ultrafiltration 
on a Centricon® system that may result in shear 
induced protein denaturation and lowered appar- 
ent solubility (Shahrokh et al., unpublished 
results). Another approach based on osmotically 
driven solute concentration involves dialysis 
against a hygroscopic material such as Sephadex 
or polyethylene glycols. 2 This approach requires 
the use of high purity materials that do not result 
in protein degradation, and must be done with care 
to prevent over drying and exposure to very large 
surface areas since water rapidly leaves the pro- 
tein solution. In addition, as polyelectrolytes, 
proteins impact the distribution of diffusible 
ions across the dialysis membrane to maintain 
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electroneutrality as dictated by the Donnan 
equilibrium. 9 This could lead to a potentially large 
change in the ion composition within the protein 
solution as it concentrates, and could be damaging 
to the protein. The alternative small-scale meth- 
ods of solvent evaporation by vacuum or nitrogen 
flow, and precipitation by salts or solvents, 10 " 12 
alter the formulation composition and may also 
result in protein degradation due to the time or 
materials used in the process. Precipitation and 
generation of protein powders by supercritical 
fluids has met some success in maintaining active 
or structurally native proteins, but this approach 
remains of limited practical use particularly for 
small scale studies. 13,14 Concentration of solutes 
by freezing 15 is another approach that could 
achieve a high protein concentration, but altera- 
tion in the solute composition, potential damage 
to the protein during freezing and thawing, and 
difficulty in retrieving the frozen concentrate all 
make this an impractical approach. Chromato- 
graphic methods that bind the protein and allow 
elution at lower volumes is another useful tool for 
concentrating proteins over a large range of scale; 
these include ion exchange or hydrophobic inter- 
action chromatography, but require buffer ex- 
change after concentration. Filtration is the most 
common approach for concentrating proteins, and 
unlike many of the methods discussed is amenable 
to scale-up for manufacturing. There are numer- 
ous filtration systems, each with an extent of 
adsorption or shear-induced denaturation/aggre- 
gation that is dependent on surface area, contact 
materials, and flow mechanisms. The mechanical 
and interfacial forces imposed on protein's struc- 
ture (hence its solubility) by small-scale methods 
may be different than those by the large-scale 
processes, and hence, the results obtained by such 
methods would have to be verified by representa- 
tive manufacturing processes. The most commonly 
used methods for large scale manufacturing of 
high protein concentrations are further discussed 
in "Manufacturing Considerations." 

STABILITY CONSIDERATIONS 

Although proteins are more complex than typical 
small molecule pharmaceuticals, a great deal is 
now known about the various chemical degrada- 
tions that occur in proteins, and several reviews 
are available. 16-18 Many of the chemical reactions 
such as deamidation, aspartate isomerization, 
oxidation, and peptide bond hydrolysis that occur 



in proteins are hydrolytically driven requiring the 
presence of water, and generally the kinetics follows 
lower order concentration dependency. Aggrega- 
tion, on the other hand, requiring bi-molecular 
collisions, and a high concentration dependency is 
expected to be the primary degradation pathway 
in high concentration protein formulations. The 
relationship of concentration to aggregate forma- 
tion depends on the size of aggregates as well as 
the mechanism of association. 12,17 Protein aggre- 
gation may result in covalent (e.g., disulfide- 
linked) or non-covalent (reversible or irreversible) 
association. Irreversible aggregation by non-cova- 
lent association generally occurs via hydrophobic 
regions exposed by thermal, mechanical, or 
chemical processes that alter a protein's native 
conformation. 19 When the protein-unfolding step 
is rate limiting, the kinetics of protein aggrega- 
tion often shows pseudo-first order behavior 19 
rather than the expected higher order concentra- 
tion dependency. Further illustration of the im- 
portance of the aggregation mechanism on the 
relationship of concentration to aggregate forma- 
tion is shown by the inverse concentration depen- 
dency of protein aggregation that results from 
interaction with air— water interfaces. 20 

Protein aggregation may impact protein activity, 
pharmacokinetics and safety, e.g., due to immu- 
nogenicity. 18,21,22 Irreversible protein aggrega- 
tion is recognized as a major degradation product 
in protein formulations, whereas reversible pro- 
tein self-association is often overlooked. Rever- 
sible protein association is less studied, partly 
because of poor analytical methodologies (as will 
be discussed under "Analytical Considerations") 
and partly because of the perception that aggre- 
gates will not be present after typical dilutions are 
made prior to administration. However, if the rate 
of dissociation is slow, then reversible aggregation 
may still impact activity, in vivo clearance and 
safety. Even under conditions where the rate of 
dissociation is rapid, the equilibrium at high 
protein concentration may be shifted toward a 
greater amount of aggregate due to molecular 
crowding effects. 23 " 25 In particular, as the protein 
concentration increases, the fraction of the total 
volume occupied by the protein increases. The 
resulting decrease in the effective volume avail- 
able to the protein yields a higher apparent protein 
concentration that in turn favors self-association. 
This non-ideal solution behavior of increasing 
the apparent thermodynamic association con- 
stant with increasing protein concentration may 
be shelf-life limiting, especially when the resulting 
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aggregates are irreversible. In addition, after 
in vivo administration, the protein therapeutic 
may be placed into a crowded macromolecular 
environment, which shifts the equilibrium to the 
associated state even after dilution. 

Macromolecular crowding, i.e., excluded volume 
effects, also can impact protein physical properties 
such as viscosity which can have major impact 
on the ability to manufacture high protein con- 
centration formulations (see "Manufacturing Con- 
siderations") as well as on the ability to administer 
the protein drug by injection (Fig. 2A). In general, 
the viscosity of a macromolecule in solution can be 
expressed as a virial expansion, where the viscos- 
ity, j), can be related to the solvent viscosity, ti 0 , 
and concentration of the protein, Cp, in g/mL by a 
power series 26 : 

H = n 0 (l + k i°P + k 2 c p + ks<$ + • • •) (1) 

where in equation 1, ki is the intrinsic viscosity, 
which is related to the contribution from indivi- 
dual solute molecules, and k 2 and higher order 
coefficients are related to effects from interactions 
of 2, 3, or more protein molecules. This equation 
can be rewritten in terms of the specific viscosity, 
ils = ('n-'no)Alo: 

(On - lOAioVcp = ti s /c p = ki + k 2 cp + fc 3 Cp + • • • 

(2) 

In the case of significant protein self-association 
that results in formation of soluble aggregates, 
the higher order terms will dominate and lead to 
large increases in viscosity as a function of 
concentration. 

There are two key approaches to mitigating 
irreversible protein aggregation for improving the 
shelf life of high concentration protein formula- 
tions. One approach uses conditions that stabilize 
the native conformation of the protein, and the 
other, reduces molecular collisions that lead to 
aggregation. For the first approach, molar con- 
centrations of osmolytes, such as sugars, are added 
that are preferentially excluded from the immedi- 
ate environment of proteins, and result in prefer- 
ential hydration. 27 * 28 This preferential hydration 
leads to an increase in the protein's chemical 
potential since the increased ordering of water in 
the hydration shell leads to an entropic decrease 
for the entire thermodynamic system consisting of 
protein and solvent water. Since a larger surface 
area such as that found in unfolded proteins re- 
quires a greater number of ordered water mole- 
cules for preferential hydration, the protein will 



assume a more compact folded form to resist 
the thermodynamically unfavorable decrease in the 
system's entropy. Thus, the protein will minimize 
the surface area available for hydration leading 
to stabilization of the more compact folded form, 
which then decreases the formation of protein 
aggregates. However, if the native state of the 
protein is capable of associating, forming aggre- 
gates of native conformers, then the addition of 
preferentially excluded osmolytes may actually 
increase the amount of protein aggregate since 
total surface area will be diminished following 
protein self association. The potential impact of 
reversible self-association on product shelf-life or 
protein physical parameters will depend on the 
rate of dissociation as well as the possible conse- 
quent formation of irreversible aggregates during 
storage at high concentration. The use of prefer- 
entially excluded osmolytes to fix the aggregation 
problem is limited since addition of high concen- 
trations of excipients may also add to the viscosity 
and osmolality of the formulation that may render 
it impractical for use as a parenteral solution. Also, 
as already noted, the addition of these osmolytes 
may actually increase the amount of reversible 
native associated protein. 

The second approach to minimize aggregation 
is to restrict the mobility of proteins in order to 
reduce the number of collisions. Lyophilization 
with appropriate excipients may improve protein 
stability against aggregation by decreasing pro- 
tein mobility and by restricting conformational 
flexibility with the added benefit of minimizing 
hydrolytic reactions consequent to removal of 
water. 29 The addition of appropriate excipients, 
including lyoprotectants, prevents the formation 
of aggregates during the lyophilization process as 
well as during storage of the final product. 30-32 
A key parameter for effective protection is the 
molar ratio of the lyoprotectant to the protein. 33 
Generally molar ratios of 300:1 or greater are 
required to provide suitable stability, especially for 
room temperature storage. While this strategy 
achieves an optimal final formulation at moderate 
protein concentrations, if the lyophilizer is used to 
concentrate the protein, additional challenges can 
result as discussed below. 



MANUFACTURING CONSIDERATIONS 

Although it may be possible to create a formula- 
tion during development that has the desired 
solubility and stability, the design of processes 
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that will allow for manufacturing of the formula- 
tion at a larger scale is critical for successful im- 
plementation of bench top experimental findings. 
Two commonly used processes will be discussed 
below. 

Tangential Flow Filtration (TFF) 

The main technology for buffer exchange and con- 
centrating proteins that has been used at com- 
mercial scale is TFF. 34 " 36 In this technology, the 
protein is circulated by pumping through a series 
of hollow fiber tubes, which allow for the passage 
of water and small molecules but not large 
macromolecules. Attainment of high concentra- 
tion formulations by TFF systems can be difficult 
because the required membrane flux may dictate 
higher concentrations at the membrane boundary 
than the targeted concentration. As an example, 
when a protein is concentrated to 100 mg/mL, the 
concentration at the membrane may be as high as 
125 mg/mL. Depending on a protein's propensity 
to interact with and unfold at the surface, this 
could lead to decreased flux and eventual mem- 
brane clogging. Proteins are often shear sensitive, 
resulting in denaturation, 37,38 and the continuous 
circulation through tubings and pulsation of the 
pumps may generate sufficient shear or cavitation 
to result in protein unfolding and precipitation. 
Although it may be possible to filter out the 
precipitated protein during manufacture of bulk 
protein, the shear sensitivity of a protein may also 
lead to formation of aggregates and particulates 
during filling of the final product that requires 
some sort of a pumping system. Typical filling 
systems include piston driven and diaphragm 
pumps. Piston driven pumps tend to generate 
more shear than rolling diaphragm pumps and 
this needs to be considered when filling high 
concentration protein solutions. 

Another parameter that could limit a TFF 
system's ability to concentrate a protein solution 
is the solution's high viscosity. The viscosity 
increase may result in such high back-pressures 
during the TFF process that it may exceed the 
capacity of the pumps. In addition, as viscosity 
increases, it becomes increasingly difficult to 
remove the final finished product from the TFF 
unit, leading to economically unacceptable losses. 
Though these limitations may be handled by ap- 
propriate TFF equipment redesign, equipment 
design can be an expensive proposition. Since the 
viscosity of a macromolecular solution is depen- 
dent on temperature, increased temperatures 



would improve the TFF process if the protein 
stability is not compromised. Alternatively, design 
of an appropriate formulation to decrease viscosity 
may help solve manufacturing process limitations. 
Hence, the formulation may need to be designed 
to ensure not only acceptable shelf life, but also 
compatibility with the manufacturing process. 

Although TFF is the industry standard for con- 
centrating macromolecules at large scale, there 
are alternatives. Rotating and vortex systems 
that enhance mass-transfer have recently been 
designed. 36 ' 39 Alternatively, any drying technique 
with a subsequent reconstitution at lower volumes 
can be used as will be discussed below. 

Drying Techniques for Generating High 
Concentration Protein Formulations 

As discussed earlier in "Solubility Considera- 
tions," a high concentration protein formulation 
can be achieved either by decreasing the solvent 
content while retaining the protein, e.g., using 
filtration systems, or by removal of solvent fol- 
lowed by reconstitution with the desired solvent 
volume. The latter can be achieved either by bulk 
processing or by dehydrating final product in 
vials. Bulk drying processes include spray dry- 
ing, 40 ' 41 fluid bed drying, 42 ' 43 vacuum drying, 44 - 45 
or lyophilization in tray units. 46 Crystallization 
has proven to be effective in the development of 
insulin formulations, and shows great promise for 
the development of stable monoclonal antibody 
dosage forms. 47,48 For parenteral protein pro- 
ducts, bulk drying processes require operation 
under aseptic conditions, and have been used 
primarily in the aerosol industry. The alternative 
approach of lyophilizing sterile filtered products 
in vials is a cost-effective approach for generating 
high concentration protein formulations. 

To use the lyophilizer as a concentrator, a load- 
ing volume of protein, V L , at loading concentration 
Cl is lyophilized and then reconstituted with a 
volume of diluent, V R , where V R < V L . The final 
concentration of the drug product, Cf, will then be: 

C F = C L V L /(V R + V S ) (3) 

where V s is the volume contributed from the 
remaining solids. To determine the appropriate 
Vr that gives a desired C F , one can estimate Vs 
from the sum of the partial molar volumes of all 
the excipients. However, the most accurate way to 
achieve the target protein concentration is to 
reconstitute with a series of diluent volumes and 
empirically determine the appropriate reconstitution 
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volume. In addition to reaching the desired con- 
centration, sufficient volume needs to be used in 
the reconstitution process to ensure that the 
required volume for administration can be re- 
moved from the vial. Thus, experiments may need 
to be designed whereby V L and/or Cl are also 
varied to define the required overrage in the final 
reconstituted product. These parameters can also 
have a major impact on the reconstitution pro- 
perties of the final product. Figure 1 shows the 
effect of loading concentration on reconstitution 
times and morphology of the lyophilized solid. 
Each vial was loaded with the same total mass of 
protein and formulation excipients (i.e., a lower 
Cl required a larger V L to maintain the loading 
mass). Vials were reconstituted to a final concen- 
tration of 125 mg/mL and investigated for solution 
clarity and disappearance of all solids after 10 min. 
The right side of Figure 1 shows that as the 
protein loading concentration is decreased, recon- 
stitution occurs much more readily. Investigation 
of the morphology of the lyophilized solid by scann- 
ing electron microscopy (SEM; left side of Fig. 1) 
shows a very dense compact structure at 110 mg/ 



mL compared to a loosely packed layer of flakes at 
40 mg/mL. Thus, the ease of wetting of the cake is 
very likely related to the differences in this 
morphology. SEM analysis of intermediate con- 
centrations (not shown) demonstrates a gradual 
transition from a dense solid to the more loosely 
packed structure. 

The process described above allows for design- 
ing a formulation with appropriate stability and 
tonicity. Although isotonicity is not necessarily 
required for SC administration, it maybe desirable 
for minimizing pain upon administration. 49 Iso- 
tonicity is difficult to achieve because both the 
protein and the excipients are concentrated during 
the reconstitution process. As shown in Table 2, 
excipientrprotein molar ratios of 500:1 will result 
in hypertonic preparations if the final protein 
concentration is targeted for >100 mg/mL. If the 
desire is to achieve an isotonic formulation, then a 
choice of lower molar ratio of excipient:protein will 
result in a potentially less stable formulation. This 
was indeed the issue involving a rhuMAb prepara- 
tion where the hypertonic formulation at 500:1 
excipient:protein molar ratio gave a significantly 




Figure 1. Lyophilization of a monoclonal antibody as a function of loading concentra- 
tion. Upper left panel: Loading concentration from left to right was 40, 60, 80, 100, and 
110 mg/mL, respectively, while maintaining the same total mass of MAb and excipients. 
Lower left panels: Scanning electron microscopy of lyophilized solid for the 40 and 1 10 mg/ 
mL MAb loading concentrations. Right panel: 10 min after reconstitution of vials in upper 
left panel to 125 mg/mL with sterile water for injection. 
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Table 2. Concentration of Excipient as a Function of Final Reconstituted Protein 
Concentration and Molar Ratio of Excipient to Protein 

Excipient:Protein 

Molar Ratio 250:1 500:1 

C F (mg/mL) Excipient concentration (mM) Excipient concentration (mM) 

50 83 167 

100 167 333 

150 250 500 

200 333 666 



more stable preparation at controlled room tem- 
perature (30°C), but the stabilities at 250 and 
500:1 molar ratios were comparable at 2-8°C 
storage (data not shown). In the case of this 
particular antibody where the target product 
profile and frequency of administration allowed 
for 2-8°C storage, stability was traded off for 
appropriate tonicity, and the 250: 1 molar ratio was 
selected. 



required for SC delivery may not be attainable. 
As an example, the protein concentration depen- 
dence of viscosity of an antibody is shown in 
Figure 2A. The time required to load 1 mL of this 
formulation into a syringe equipped with 27 gauge 
needle correlates very well with the viscosity of the 
formulation. Adjustment of the formulation to 
contain NaCl greatly reduces viscosity (Fig. 2B), 



COST OF GOODS AND 
DELIVERY CONSIDERATIONS 

Though high concentration formulations have the 
cost saving advantage of decreasing bulk storage 
space or number of product fills, they have unde- 
sirable overall cost of goods because of unre- 
coverable volumes from ultrafiltration units, fill 
vessels, and product containers. As an example, 
whereas the required volume overrage in vials 
containing moderate protein concentrations is 
typically <10% of the fill volume, the overrage 
for a >100 mg/mL protein formulation could be as 
high as 30% because of greater adherence of the 
viscous solution to product container surfaces. 
Unrecoverable product losses in the final dosage 
form could be minimized by decreasing product 
contact surface areas, e.g., with the use of smaller 
or narrower based vials, or by using prefilled 
syringe configurations where the solution can be 
pushed off the surfaces with the plunger head. 

Protein formulations at high concentrations 
may also have physical properties that impact 
the ability to easily deliver the protein drug. For 
example, higher viscosity preparations may be 
difficult to administer by injection. Syringes for SC 
injection are often equipped with 26 or 27 gauge 
needles. If the viscosity of a high concentration 
formulation is sufficiently high, it may impact the 
ability to load and deliver from a syringe, and 
unless the viscosity can be reduced by appropriate 
formulation excipients, the high concentration 
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Figure 2. A: Viscosity (solid line, open circles) and 
syringe (27 gauge) loading time (dashed line, solid 
triangles) of a monoclonal antibody as a function of 
concentration. Insert is a linear regression fit of syringe 
(27 gauge) loading time versus viscosity (loading time = 
-25.9 + 5.8*viscosity, R 2 = 0.995. B: Viscosity (solid 
line, open circles) and syringe (25 gauge) loading time 
of a monoclonal antibody at 125 mg/mL as a function of 
NaCl concentration. 
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and yields reasonable times to draw the formula- 
tion into a syringe equipped with a 25 gauge 
needle. Thus, the alteration of the formulation 
excipients and the use of a slightly bigger needle 
yield reasonable times for withdrawal of a high 
concentration MAb formulation. 



ANALYTICAL CONSIDERATIONS 

Many of the analytical techniques currently 
available to explore covalent and conformational 
modifications in proteins 50 ' 51 are easily adapted 
to the study of proteins at high concentration. 
Moreover, analytical techniques that characterize 
solid-state protein dosage forms are useful in 
developing drying methods to produce a high 
protein concentration subsequent to reconstitu- 
tion. These techniques include differential scan- 
ning calorimetry (DSC), 52 particularly modulated 
DSC technology, 53,54 to determine glass transition 
temperatures and thermal phase transitions of 
the solid-state matrix at high protein concentra- 
tions, Fourier-Transform Infrared Spectroscopy 
(FTIR) 55 ' 56 and Raman spectroscopy to study the 
protein's secondary structure after drying and 
during storage, and fluorescence spectroscopy 
recently used to investigate possible tertiary struc- 
tural alterations during the drying process. 57 

Generally the analytical technologies that are 
used to characterize proteins involve dilution to 
lower concentrations or exposure of the protein to 
solvent conditions that are very different than 
the initial formulation composition. This may have 
considerable impact on the results of the assay 
since a change in solvent composition or concen- 
tration may alter a protein's physical state in a way 
that is not representative of the initial conditions. 
This problem is especially important in the 
analysis of molecular weight/size distribution of 
proteins. SDS-PAGE, nongel sieving SDS-capil- 
lary electrophoresis, and matrix-assisted laser 
desorption ionization time-of-flight mass spectro- 
metry (MALDI-TOF MS) are often used to obtain 
molecular weight information. These techniques 
are useful for detecting covalently linked aggre- 
gates, or SDS non-dissociable aggregates but 
can't be used to determine non-covalent protein 
association states. The often-used gel permeation 
or size exclusion chromatographic method (SEC) 
provides such information but has several pro- 
blems. The protein's interaction with the chroma- 
tographic resin and its hydrodynamic volume may 
alter the elution times; the use of globular protein 



standards to estimate the molecular weight may 
thus be erroneous. When the interactions are ionic 
in nature due to the charge moieties on the resins, 
the addition of salts will decrease such interac- 
tions, but control experiments are then required to 
demonstrate that the increased ionic strength of 
the mobile phase did not perturb the size distribu- 
tion of the protein. The impact of hydrodynamic 
volume leading to apparently larger proteins than 
actual size is especially noted for highly glycosy- 
lated proteins that have shapes different from the 
typical globular protein standards. 58,59 The use of 
static light scattering detectors coupled with 
sizing chromatography (LC/LS) 60 allows for the 
absolute determination of molecular mass of a 
protein and its higher order aggregates and frag- 
ments during separation by gel sieving. Since 
measured elution times are no longer used to 
estimate molecular size, the problem of protein- 
resin interaction and molecular conformation are 
no longer important, provided the interactions 
do not prevent elution of the protein from the 
chromatographic column. 

The most commonly used analytical technique 
for quantifying aggregates in pharmaceutical 
formulations is SEC with UV detection. In high 
concentration formulations where reversible pro- 
tein self-association predominates, the determina- 
tion of aggregate levels by the SEC method may be 
inconsistent and inaccurate. The SEC procedure 
involves a high dilution of the protein solution 
during injection onto the column that may lead to 
dissociation of aggregates with rapid dissociation 
rate constants. Moreover, to prevent detector 
saturation, high concentration protein solutions 
are generally diluted even prior to injection onto 
the SEC column. The rapid dissociation of a mono- 
clonal antibody upon dilution 61 yielded varying 
aggregate levels by SEC, depending on the time 
and temperature of analysis after sample dilution. 
To use SEC as an analytical tool for quantifica- 
tion of aggregates and estimation of formulation's 
shelf life and physical characteristics, it is impe- 
rative to have reproducible measurements. For a 
slower dissociating protein in the example shown 
in Figure 3, reproducible quantification of aggre- 
gates in an 80 mg/mL formulation is achieved by 
limiting the analysis time to less than 24 h and 
by controlling the most critical parameters, the 
protein concentration after dilution and sample 
temperature (a 5-fold decrease in dissociation 
rate was observed for every 10°C decrease in tem- 
perature of the auto-sampler compartment of the 
HPLC). The clinically relevant aggregate level for 



JOURNAL OF PHARMACEUTICAL SCIENCES, VOL 93, NO. 6, JUNE 2004 



DEVELOPMENT OF HIGH PROTEIN CONCENTRATION FORMULATIONS 



1399 



24 
22 
20H 
18 



tn 
0) 
"33 

0) 

< 



14-1 

12 



10 



"T" 

4 



8 



12 



"™i — 
16 



20 



24 



time (hours) 



Figure 3. Dissociation of aggregates in an 80 mg/mL 
protein formulation at 30°C upon dilution to 0.1 mg/mL. 
At 5°C, the dissociation rate is too small to detect any 
changes in the initial aggregate level during this time 
frame. 



a protein that undergoes reversible self-associa- 
tion is that which remains after dilution in the IV 
solution for administration (if applicable) and after 
initial dilution in blood volume at 37°C. This may 
have to be determined separately from the routine 
stability testing of the pharmaceutical product, 
particularly when dissociation rate is slower than 
practical for routine analyses. 

Technologies such as static and dynamic light 
scattering 62 " 65 and analytical ultracentrifuga- 
tion 62-65 provide more representative informa- 
tion about protein self-association states at high 
protein concentrations because they maintain the 
concentration during analysis and can also be 
performed at high concentration. Another techni- 
que uses preparative centrifuges coupled with a 
specially designed microfractionator to obtain 
sedimentation equilibrium measurements of mole- 
cular weight in concentrated as well as multi- 
component protein systems. 66 Limitations of the 
light scattering methods are that they are not 
quantitative and that they are subject to multiple 
scattering artifacts at high protein concentrations. 
Although sedimentation equilibrium centrifugal 
analysis can be used to characterize an aggregat- 
ing system, the analysis requires fitting of data to 
several exponentials and is model dependent. 67 
Sedimentation velocity analysis has been greatly 
improved and algorithms are now available to 
determine small amounts of protein aggregates 
and sedimentation coefficients. 68,69 The determi- 
nation of the sedimentation coefficient can provide 
valuable information regarding overall shape of 



the protein when coupled with computations of 
hydrodynamic bead models. 70,71 However, cor- 
rection of apparent molecular weights and sedi- 
mentation coefficients due to nonideality at high 
protein concentrations is difficult to achieve. 



SUMMARY AND CONCLUSIONS 

Protein properties such as self-association/aggre- 
gation, solubility, and viscosity pose challenges to 
developing pharmaceutically and economically 
acceptable formulations at high concentration. 
In addition to maintaining suitable stability, pro- 
tein properties at high concentration may impact 
the ability to administer the drug, to manufacture 
at large scale, and also the yields of the two pro- 
cesses. Analytical methodologies to investigate 
protein properties at high concentration are also 
limited and must be considered with caution as 
they are impacted by the very property under 
investigation. Very little work has been pub- 
lished on high concentration protein formulation 
development and this review has touched on the 
key issues with examples of the potential solu- 
tions to the issues. Achieving a suitable formula- 
tion requires an integrated approach whereby a 
stable formulation is developed that can also 
be successfully administered and economically 
manufactured. 
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Therapeutic applications for mAbs have increased dramatically in 
recent years, but the large quantities required for clinical efficacy 
have limited the options that might be used for administration and 
thus have placed certain limitations on the use of these agents. We 
present an approach that allows for s.c. delivery of a small volume 
of a highly concentrated form of mAbs. Batch crystallization of 
three Ab-based therapeutics, rituximab, trastuzumab, and inflix- 
imab, provided products in high yield, with no detectable alter- 
ation to these proteins and with full retention of their biological 
activity in vitro. Administration s.c. of a crystalline preparation 
resulted in a remarkably long pharmacokinetic serum profile and a 
dose-dependent inhibition of tumor growth in nude mice bearing 
BT-474 xenografts (human breast cancer cells) in vivo. Overall, this 
approach of generating high-concentration, low-viscosity crystal- 
line preparations of therapeutic Abs should lead to improved ease 
of administration and patient compliance, thus providing new 
opportunities for the biotechnology industry. 

Because of their successful use in targeting distinct antigens, 
mAbs have become powerful therapeutic agents in the 
treatment of cancer, inflammatory, cardiovascular, respiratory, 
and infectious diseases. It has been estimated that >20% of all 
biopharmaceuticals currently being evaluated in clinical trials 
are mAbs. In general, mAb therapies require the delivery of 
between 100 mg and 1 g of protein per dose. Because the high 
end of formulation concentrations for mAbs is typically in the 
range of 50 mg/ml, such treatments commonly require the 
administration of 2-20 ml. Typically, such volumes can be given 
only through i.v. infusion performed in a clinical or hospital 
setting. A broadly applicable method of achieving the high- 
concentration mAb preparations required to deliver these large 
protein doses in a small volume appropriate for s.c. injection will 
likely lead to an expansion of therapeutic opportunities and an 
increase in patient compliance. One approach would be merely 
to prepare extremely high-concentration preparations of soluble 
mAbs, on the order of 200-250 mg/ml. However, such highly 
concentrated solutions often result in very high viscosity, protein 
aggregation, an d poor overall stability. We have addressed this 
problem by identifying methods to prepare pharmaceutical^ 
acceptable crystalline formulations of mAbs, using several of 
those currently in clinical use. The therapeutic mAbs used in our 
studies target the cell-surface antigen CD20 (1), tumor necrosis 
factor a (TNF-a) (2), and human epidermal growth factor 
receptor 2 (HER2) (3). 

To the best of our knowledge, crystalline full-length mAbs 
have not been explored for therapeutic use. Among ^400 
biopharmaceuticals that are either approved or in advanced 
clinical trials, there is only one product, insulin, that is produced 
and administered in crystalline form (4). Yet crystallization of 
macromolecule pharmaceuticals, particularly proteins, can offer 
significant advantages, such as high stability, streamlining of 
manufacturing, controlled release of activity, and high doses at 
the delivery site, which is especially attractive for mAb therapies 
(5-7). Although crystallization of full-length Abs has been a 
subject of significant interest for the last three decades, very few 
intact mAbs have ever been crystallized (8-10). The difficulty in 



mAb crystallization largely has been attributed to their large size, 
the presence of surface oligosaccharides, and a high degree of 
segmental flexibility. All of the previously reported methods of 
crystallizing mAbs have used the vapor diffusion technique. This 
approach yields only minute quantities of crystals, is designed to 
produce large crystals required for x-ray studies, and commonly 
uses agents unacceptable for use in humans. 

We have devised batch-process methods to produce crystal- 
line suspensions of three approved therapeutic Abs: rituximab, 
trastuzumab, and infliximab. Rituximab is a chimeric IgGl k Ig 
that binds the CD20 antigen on the surface of normal and 
malignant B lymphocytes and is used in the treatment of 
non-Hodgkin's lymphoma (11). Trastuzumab is a humanized 
IgGl k Ig used to treat breast cancer through a mechanism that 
presumably involves binding to the human epidermal growth 
factor receptor 2 (HER2) overexpressed on these tumor cells 
(12). Infliximab is a chimeric IgGl k Ig that binds to the soluble 
and transmembrane forms of TNF-a for the treatment of 
rheumatoid arthritis and Crohn's disease (13). The methods we 
have developed for crystallization provide crystals in high yield 
that show excellent physical and chemical stability as well as 
retention of biological activity in vitro. Furthermore, we have 
examined the in vivo s.c. injection of crystalline trastuzumab and 
infliximab suspensions. The low-viscosity, highly concentrated 
formulations of crystalline mAbs demonstrated an extended 
serum pharmacokinetic (PK) profile and high bioavailability 
compared with the soluble mAbs delivered i.v. Finally, we have 
demonstrated that the crystalline formulation of trastuzumab 
was effective in a preclinical model of human breast cancer. 

Materials and Methods 

Materials. Rituximab, commercially available as Rituxan, and 
trastuzumab, commercially available as Herceptin, were from 
Genentech (South San Francisco, CA). Infliximab, commer- 
cially available as Remicade, was from Centocor. A Biosep-SEC- 
S-3000 HPLC gel filtration column was from Phenomenex 
(Torrance, CA). The Bradford protein assay reagent was from 
Bio-Rad. All other chemicals were reagent-grade. 

General Methods. The protein content of samples was determined 
by using the Bio-Rad protein assay reagent. The crystal integrity 
of the proteins in the formulations was measured by comparing 
the size and shape of the crystals with those in mother liquor by 
qualitative microscopic observations. To demonstrate purity and 
integrity of mAbs before and after crystallization, the following 
techniques were used: SDS/PAGE, capillary isoelectrofocusing, 
size exclusion column (SEC)-HPLC, dynamic light scattering, 
MS, peptide mapping, and N-terminal sequencing. In addition, 
the total carbohydrate and monosaccharide composition and 
N-linked oligosaccharide profiling were determined by using 
Bio-Rad kits (see Methods and Results in Supporting Text, which 



Abbreviations: TNF-a, tumor necrosis factor a; PK, pharmacokinetic; PEG, polyethylene 
glycol. 
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is published as supporting information on the PNAS web site, 
www.pnas.org). 

Structure of Carbohydrate on mAb. The glycan structure of ritux- 
imab was determined by using capillary electrophoresis (CE) 
with laser-induced fluorescence detection after digestion with 
various glycosidases (14). The released glycans were analyzed 
after derivatization with 8-aminopyrene-l,3,6-trisulfonic acid, 
trisodium salt (APTS) on a Beckman Coulter P/ACE MDQ CE 
system equipped with an argon-ion laser with an excitation 
wavelength of 488 nm and an emission band-pass filter of 520 ± 



10 nm. Sequential enzymatic digestion, electrophoretic mobility, 
and monosaccharide composition, as well as the molecular 
weight of the glycans released by liquid chromatography (LC)/ 
MS, were used to get the complete structure. 

Rituximab Direct Cytotoxicity Assay. Direct cytotoxicity measures 
the intrinsic toxic effect of an Ab on the target cell by coincu- 
bating the target cells with different concentrations of the Ab. 
Cell viability is counted after coincubation with the Ab. RAJI 
lymphoma cells (ATCC no. CCL-86) were cultured in RPMI 
medium 1640 supplemented with 10% FBS and diluted to 0.5 x 




Fig. 1. Crystals of rituximab (A and B), trastuzumab (C and D), and infliximab (F and f). Crystallization protocols are described elsewhere (15). Crystals were 
produced in 400- M l batches with the following precipitants: 12% polyethylene glycol (PEG) 400, 1.17 M Na 2 S0 4 in 100 mM Hepes buffer, pH 7.7 (A); 35% PEG 
400, 0.2 M CaCI 2 in 0.1 M Hepes buffer. pH 7.5 (B); 25% PEG 400, 5% PEG 8000, 10% propylene glycol, 0.1 % Tween 80 in Tris buffer, pH 8.5 (O; 20% PEG 400, 
10% PEG 8000, 10% glycerol in 0.1 M Tris buffer, pH 7.0 (O); 20% PEG 300, 5% PEG 8000, 10% glycerol in 0.1 M Tris buffer, pH 7.0 (£); and 0.2 M NaCI, 10% 
isopropanol in 0.1 M Hepes buffer, pH 7.6 {F). Crystals were examined under an Olympus BX60 microscope equipped with a DXC-970MD 3CCD color video camera 
with camera adapter (CM A D2) and analyzed with image-pro plus software (Media Cybernetics, Silver Spring, MD). Samples of protein crystals were covered with 
a glass coverslip, mounted, and examined under x10 magnification by using an Olympus microscope with an Olympus UPLAN F1 objective lens x 10/0.30 PH1 
(phase contrast). 
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Fig. 2. /n vitro bioactivity of rituximab. Cultured RAJI lymphoma cells were 
detached, diluted to 0.5 x 10 5 cells per ml, and added to 96-well plates (100 
fil per well). (A) Direct cytotoxicity studies were performed by incubating RAJI 
lymphoma cells for 3 days in the presence of various concentrations of ritux- 
imab or dissolved crystals of rituximab (added in 25-^.1 volumes). (B) Comple- 
ment-dependent cytotoxicity was determined by exposing a mixture of RAJI 
lymphoma cells and rituximab preparations (as in A), followed by the addition 
of various concentrations of human serum. (O In vitro bioactivity of inflix- 
imab. Cultured L-929 mouse fibroblast cells were detached, diluted to 2 x 10 5 
cells per ml, and added to 96-well plates (1 00 pi per well). TNF-a neutralization 
assays were performed by incubating mouse fibroblast cells overnight in the 
presence of various concentrations of infliximab or dissolved crystals of inflix- 
imab. The number of viable cells was determined by using a CellTiter 96 
AQueous One Solution Cell Proliferation Assay kit (Promega). 

10 5 cells per ml. A 100-/xl aliquot of that culture was transferred 
to 1 well of a 96-well plate and cultured in the presence of various 
concentrations of native (soluble) and dissolved crystals of 
rituximab for 3 days. The number of viable cells remaining after 
the 3-day incubation was determined by using CellTiter 96 
AQueous One Solution Cell Proliferation Assay (Promega). 

Rituximab Complement-Dependent Cytotoxicity Assay. RAJI lym- 
phoma cells were cultured in growth media and diluted to 0.5 X 
10 s cells per ml. A 100-/ll1 aliquot of this culture was transferred 
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Fig. 3. Viscosity measurements of infliximab. The viscosity of soluble and 
crystalline suspensions of infliximab was measured by using the Cannon- 
Fenske (State College, PA) viscometer according to the manufacturer's instruc- 
tions. Commercially available infliximab [100 mg per viat containing 500 mg of 
sucrose, 0.5 mg of polysorbate 80, 2.2 mg of monobasic sodium phosphate 
(monohydrate), and 6.1 mg of dibasic sodium phosphate (dihydrate)] was 
reconstituted in water to concent rat ions of 10,25, 50, 100, 125, and 150mg/ml 
and compared with various concentrations of crystalline suspensions. The 
excipients in the commercial lyophilized formulation did not contribute sig- 
nificantly to the viscosity of the reconstituted infliximab. Even at 1 50 mg/ml, 
the viscosity of the vehicle was only 26 centipoise (cps; 1 cps - 10~ 3 Pa-sec), 
compared with 275 cps for soluble infliximab. For crystalline suspensions of 
infliximab, a 200 mg/ml solution (which was in formulation buffer containing 
10% ethanol, 10% PEG 3350, 0.1% Tween 80, and 50 mM trehalose in 50 mM 
sodium phosphate buffer, pH 7.0) was tested for viscosity in addition to the 
concentrations mentioned above for soluble infliximab. 



to 1 well of a 96-well plate and cultured in the presence of 25 
/xg/ml native or dissolved crystals of rituximab and various 
concentrations of human serum (as a source of complement 
system) for 3 days. The number of viable cells remaining after the 
3-day incubation was determined with the CellTiter assay as 
before. 

Infliximab TNF-a Neutralization Assay. TNF-sensitive L-929 mouse 
fibroblast cells (ATCC no. CCL-1), which were cultured in 
Eagle's minimal essential medium (EMEM) supplemented with 
10% horse serum, were detached from the culture flask by 
trypsin digestion and diluted to 2 X 10 5 cells per ml. A 100-/il 
aliquot of the culture was transferred to 1 well of a 96-well plate 
and incubated at 37°C with a 5% carbon dioxide-in-air atmo- 
sphere overnight. After aspiration off the medium, 100 yl of 
fresh medium, supplemented with 1 /xg/ml actinomycin D, 100 
pg/ml TNF-a, and various concentrations of native (soluble) and 
dissolved infliximab crystals, was added to each well and 
incubated overnight before the number of viable cells was 
determined. 

Infliximab PK Studies in Rats. Forty to 45 BBDR/Wor male rats, 
weighing between 200 and 250 g, were used for the study, and 
infliximab was given through either s.c. or i.v. routes. On day 1, 
rats were weighed and then given a single i.v. or s.c. injection of 
infliximab (8 or 80 mg/kg, at concentrations of 5 ml/kg of body 
weight). Blood samples were taken at 0.5, 2, 4, 6, 8, 24, 48, 72, 
96, 120, 168, 336, 504, and 672 h after dosing. Blood samples were 
taken at the additional time points of 2 and 10 min after dosing 
for the i.v. group. At each time point, six rats were bled from the 
tail, and «100 /ml of whole blood was collected. The collected 
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Fig. 4. PK studies of infliximab. Approximately 1 00 jil of infliximab (20 mg/ml) was administered to BBDR/Wor rats having a body weight of ~250 g to provide 
a dose of 8 mg/kg. The mAb was administered in a soluble form either i.v. (▲) or s.c. (□) or as a crystalline suspension s.c. (♦). The maximum concentration (Cmax) 
for soluble infliximab was 257 ^/m\ for the i.v. sample and 95 and 112 ^g/m\ for the s.c. soluble and crystalline samples, respectively. The half-life of soluble 
infliximab was 270 h for the i.v. sample; the half-life of the s.c. soluble and crystalline infliximab was 390 and 779 h, respectively. The total area under the curve 
(AUCo. f ) for soluble infliximab was 29.3 mg-h-ml -1 for the i.v. sample and 37.5 and 42.8 mg-h-ml -1 for the soluble and crystalline s.c. samples, respectively. 



blood was processed as described above, and the levels of 
infliximab were determined by ELISA. 

Infliximab ELISA Protocol. The wells of 96-weIl high-binding poly- 
styrene plates were coated with 50 ix\ per well of 10 ptg/ml 
anti-human Ab (Pierce) at 4°C overnight. The anti-human Ab 
was removed, and the plates were washed three times with a 
buffer containing 50 mM Tris (pH 8.0), 0. 138 M sodium chloride, 
0.0027 M potassium chloride, and 0.05% Tween 20 (TBST). 
After blocking with 3% nonfat dry milk in TBST for 2 h at room 
temperature, a 100-/xl aliquot of control (either saline or non- 
specific IgG) or a diluted serum sample containing infliximab 
was added to each well and incubated for 2 h at room temper- 
ature. After washing with TBST three times, a 100-jxl aliquot of 
horseradish peroxidase-conjugated anti-human Ab (1:25,000 
dilution with nonfat dry milk in TBST) then was added to each 
well, and the plates were incubated for 1 h. The color reaction 
was initiated by adding 100 yutl of 3,3\5,5'-tetramethylbenzidine 
substrate to each well and was allowed to proceed for 30 min at 
room temperature in the dark before it was stopped with 100 fd 



of 0.5 M sulfuric acid. The optical density was read at a 
wavelength of 450 nm (OD450) on an automatic microplate 
reader. The OD 45 o values, which corresponded to the amount of 
infliximab in the blood sample tested, then were plotted. 

Histochemistry of Crystalline Trastuzumab in BALB/c Mice. After 12, 
24, 48, and 504 h after injection of 0.1 ml of 200 mg/ml 
trastuzumab crystals or carrier buffer (negative control) or 
lipopolysaccharide (LPS purified from Escherichia coli; 50 jxg in 
0. 1 ml of saline; positive control), the injection sites were isolated 
for necropsy. Any gross pathology or evidence of formulation at 
the injection site was noted for each of the three mice per group. 
A portion of the skin was fixed in neutral buffered formalin, 
embedded in paraffin, sectioned, and stained with hematoxylin/ 
eosin for histology examination for inflammatory responses. The 
skin of the injection site was subdivided into epidermis, dermis, 
and s.c. panniculus to make evaluation more concise. There were 
no treatment-related microscopic effects. All tissues from 
treated animals [skin (at injection site), brain, bladder, eyes, 
brown fat, white fat, testes, epididymis, heart, stomach, small 




Fig. 5. s.c. injection site analysis for trastuzumab. Injection sites were isolated at necropsy 1 2 h after the injection of 0.1 ml of 200 mg/ml trastuzumab crystals 
in a formulation buffer, which is different from the mother liquor, containing 10% ethanol and 10% PEG 3350 (800 mg/kg of body weight; -4), 0.1 ml of a 7.5 
mg/ml soluble commercial formulation of trastuzumab (30 mg/kg; B), or lipopolysaccharides (LPS; positive control; O- A portion of the skin at the site of injection 
was fixed in neutral buffered formalin oriented with the internal surface on a cassette-size square of paper, embedded in paraffin, and sectioned for histology. 
Paraffin sections were processed through hematoxylin/eosin stain. (All micrographs shown are X40.) 
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Fig. 6. In vivo bioactivity/efficacy of trastuzumab in nude mice. Human breast cancer BT-474 cells were used to establish tumor nodules that could be monitored 
by measuring their dimensions every 3-4 days with vernier calipers. Animals were placed randomly into treatment groups (n = 6). Tumor volume was calculated 
by the formula tt/6 x [larger diameter x (smaller diameter) 2 ]. Ab treatments were initiated when tumors became >20-30 mm 3 in size in one set of animals. 
Crystalline trastuzumab suspensions and control solutions (containing a nonspecific IgG also at 30 mg/kg) were administered s.c. in 1 0 doses over 5 weeks (2 doses 
per week). Mice then were killed for pathological and histopathological examination and compared with the untreated animals (not injected with BT-474 cells). 
The mean of each experimental group is shown. Statistical significance of data comparing vehicle to anti- human epidermal growth factor receptor 2 (HER2) was 
determined by using one-way AN OVA software (Microsoft excel). 



intestine, large intestine, kidneys, liver, lungs, pancreas, thyroid, 
spinal cord, spleen, lymph nodes (cervical), thymus, esophagus, 
bone (femur), skeletal muscles (including psoas)] were found to 
be within normal limits and/or had incidental findings noted 
equally in controls and known to be common incidental findings 
for this age, sex, and strain of mouse. 

Trastuzumab Efficacy Study in Nude Mice. Human breast cancer 
BT-474 cells, which overexpress human epidermal growth factor 
receptor 2 (HER2) on their surface and are inhibited by 
anti-HER2 Ab, from ATCC were cultured in DMEM supple- 
mented with 10% FBS, 10% NCTC 109 medium, and 1.2 mM 
oxaloacetic acid. After a few cell passages, the human breast 
cancer cells were inoculated sx. (5 x 10 7 cells per animal) in the 
hind thighs of 3-month-old female athymic mice. Before inoc- 
ulation, mice were primed for 10-14 days with 17j3-estradiol 
applied s.c. in a biodegradable carrier-binder (1.7 mg of estradiol 
per pellet) to promote growth of the estrogen-dependent breast 
cancer cells. Crystalline trastuzumab suspensions and control 
solutions (nonspecific IgG) were administered s.c. in 10 doses 
over 5 weeks. The tumor nodules were measured every 3-4 days 
with vernier calipers. Mice were killed and processed for patho- 
logical and histopathological examination at the end of the 
treatment. 

Results and Discussion 

Three commercially available therapeutic mAbs, rituximab, tras- 
tuzumab, and infliximab, were successfully crystallized in large 
batches. Our batch crystallization protocols for these three mAbs 
resulted in yields of >90% for rituximab and >85% for trastu- 
zumab and infliximab (Fig. 1). Manipulation of these protocols 
resulted in a variety of crystal morphologies that included 
needles and rice-shaped and star clusters. Analytical character- 
ization of crystalline suspensions upon dissolution at 25°C was 
performed by using SDS/PAGE, isoelectrofocusing, dynamic 
light scattering, matrix-assisted laser desorption ionization/ 



time-of-f light (MALDI-TOF) MS, peptide mapping, N-terminal 
sequencing; and carbohydrate analysis (see Figs. 7-16, which are 
published as supporting information on the PNAS web site). 
These studies showed no differences in purity and integrity 
between the soluble protein currently administered clinically 
(used in the preparation of our crystalline suspensions) and 
protein obtained after dissolution of these crystalline suspen- 
sions. The crystalline mAbs were dissolved easily in either water 
or saline in less than a minute. Moreover, crystalline samples of 
rituximab (10 mg/ml in mother liquor at room temperature) and 
trastuzumab (22 mg/ml in mother liquor at 4°C) exhibited 
complete retention of native state as determined by size exclu- 
sion column HPLC (no aggregation or fragments) after 12 
months of storage at room temperature and 20 weeks at 4°C, 
respectively. The bioactivity of crystalline mAb preparations was 
evaluated in both direct and complement-dependent cytotoxicity 
tests (1) by using RAJI lymphoma cells in vitro for rituximab 
(Fig. 2 A and B ) and in a TNF-a neutralization assay in the 
cultured fibroblast cells (Fig. 2C) for infliximab. Both tests 
demonstrated a similar bioactivity of mAbs before and after 
crystallization. 

To determine whether mother liquor could be replaced with 
another pharmaceutically acceptable vehicle, a number of in- 
jectable vehicles were tested. We found that the PEG/ethanol 
mixtures are useful in providing low-viscosity formulations that 
maintain both crystallinity and integrity of mAbs for a long time. 
For example, a 200 mg/ml suspension of crystalline trastuzumab 
in PEG/ ethanol did not show any aggregation, as assessed by size 
exclusion column HPLC over a period of 20 weeks at 4°C. 
Normally, protein solutions become quite viscous at concentra- 
tions of >100 mg/ml (S. J. Shire, unpublished communication). 
Yet, even at 200 mg/ml, the viscosity of the crystalline suspen- 
sions of infliximab (Fig. 3) and trastuzumab remained low and 
allowed for easy injection with a 26-gauge needle. (The time 
required to pass a 1-ml suspension of infliximab was <20 sec; for 
trastuzumab it was only 5 sec.) To provide a uniform suspension 
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for accurate dosing, the crystalline formulations were mixed by 
inverting the vials before injection. 

Crystalline infliximab injected s.c. into BBDR/Wor rats at a 
dose of 8 mg/kg was found to produce an extended serum PK 
profile compared with similar s.c. or i.v. injections with the 
commercially prepared soluble form of this mAb (Fig. 4). The 
crystalline mAb appeared to take longer to enter the blood- 
stream, achieving a lower calculated maximum concentration 
(C m ax) value (112 ptg/mt, compared with 280 jxg/ml injected by 
i.v. route) and significantly longer (2,9 x) half-life. In comparison 
with i.v. injections, s.c. injections of crystalline preparations of 
mAbs resulted in an apparent increase in total area under the 
curve (AUQw; 42.8 mg-h-ml -1 s.c. vs. 29.6 mg-h-ml -1 i.v.), thus 
indicating high bioavailability. More extensive PK studies will be 
necessary to determine whether the apparent increase in the 
AUC is due to the properties of crystalline suspensions or s.c. 
route of administration (16), or whether it simply reflects 
variance in sample analysis. At the same time, we have demon- 
strated the integrity of the native Abs in blood samples by 
Western blotting as well as by matrix-assisted laser desorption 
ionization/time-of-f light analysis (data not shown). The results 
indicated that there were no Ab degradation products that would 
have contributed to higher ELISA values and thereby artificially 
increased the AUC. 

Injection site assessment was performed 12, 24, 48, and 504 h 
after s.c. injection of 0.1 ml of a 200 mg/ml crystalline trastu- 
zumab suspension into BALB/c mice. The results for a 12-h time 
period for crystalline trastuzumab (800 mg/kg), soluble trastu- 
zumab (30 mg/kg) and lipopolysaccharides (LPS) are shown in 
Fig. 5 A, By and C, respectively. Crystalline and soluble protein 
had minimal effects over the same time period, whereas LPS, 
used as a positive control, had the highest incidence and the 
greatest severity grades for mononuclear infiltration at the 
injection site. Histological analysis of injection sites of animals 
dosed with crystalline suspensions of mAbs did not reveal 
residual crystals after 12 h, suggesting a rapid dissolution of 
crystals within the s.c. space. In addition, all tissues from treated 
animals were found to be within normal limits and/or had 
incidental findings noted equally in controls and known to be 
common incidental findings for this age, sex, and strain of mouse. 
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The efficacy of crystalline trastuzumab was examined in a 
series of experiments conducted in nude mice bearing BT-474 
xenografts (17). Crystalline suspensions of trastuzumab, given 
s.c. at doses from 1 to 30 mg/kg (0.1 ml) twice a week for 4 weeks, 
induced a dose-dependent inhibition of growth of the BT-474 
xenografts (Fig. 6). More pronounced antitumor activity was 
seen at doses > 1 mg/kg, with complete tumor eradication in two 
of six mice treated at 10 mg/kg and in three of six mice treated 
with 30 mg/kg. The magnitude of the effects was similar to those 
achieved by i.v. injection of the soluble trastuzumab (18). All 
tumors in the control group receiving a nonspecific IgG enlarged 
during this period (Fig. 6). Crystalline Ab suspensions were well 
tolerated and comparable with those of soluble Ab formulations. 

In summary, our data support the potential application of 
crystalline suspensions of mAb therapeutics for the generation 
of high-concentration, low-viscosity formulations for s.c. admin- 
istration that rapidly dissolve after injection. This approach is 
commercially feasible; proteins can be batch-crystallized with 
good yields into a range of small crystals that demonstrate 
excellent physical/chemical protein stability upon storage with 
full retention of biological activity. Once crystallized, mAbs can 
be concentrated into high-concentration suspensions that are 
biologically compatible when injected s.c. The s.c. administration 
of crystalline mAbs is efficacious and potentially can reduce the 
frequencies of dosing. Our data suggest that the application of 
crystalline suspensions for the administration of therapeutic 
mAbs can provide a great benefit to the biotechnology industry 
when a high concentration of delivered protein is desired. For 
example, mAb therapy often can be efficacious and safe for 
chronic therapies, but patient compliance for i.v. infusions at a 
clinic can limit these uses. Additionally, some mAbs are being 
examined in combination therapies, often with new, orally active 
drugs that would make frequent visits to a clinic for an i.v. 
infusion unacceptable. Overall, our studies show that crystalline 
suspensions provide an improved method of delivery for mAbs 
that would otherwise be difficult to administer via the s.c. route. 
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Humanized Anti-pl85 HER2 Monoclonal Antibody in 
Patients With HER2//i£i/-Overexpressing 
Metastatic Breast Cancer 
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Nancy T. Sklarin, Andrew D. Seidman, Clifford A. Hudis, Jackie Moore, Paul P. Rosen, Thomas Twaddell, 
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Purpose: Breast cancer frequently overexpresses the 
product of the HER2 proto-oncogene, a 185-kd growth 
factor receptor (pl85 HER2 ). The recombinant humanized 
monoclonal antibody (rhuMAb) HER2 has high affinity 
for pl85 HER2 and inhibits the growth of breast cancer 
cells that overexpress HER2. We evaluated the efficacy 
and toxicity of weekly intravenous administration of rhu- 
MAb HER2 in patients with HER2-overexpressing meta- 
static breast cancer. 

Patients and Methods : We treated 46 patients with 
metastatic breast carcinomas that overexpressed HER2. 
Patients received a loading dose of 250 mg of intrave- 
nous rhuMAb HER2, then 10 weekly doses of 100 mg 
each. Patients with no disease progression at the comple- 
tion of this treatment period were offered a maintenance 
phase of 100 mg/wk. 

Results: Study patients had extensive metastatic dis- 
ease, and most had received extensive prior anticancer 
therapy. Adequate pharmacokinetic levels of rhuMAb 



HER2 were obtained in 90% of the patients. Toxicity was 
minimal and no antibodies against rhuMAb HER2 were 
detected in any patients. Objective responses were seen 
in five of 43 assessable patients, and included one com- 
plete remission and four partial remissions (overall re- 
sponse rate, 1 1 .6%; 95% confidence interval, 4.36 to 
25.9). Responses were observed in liver, mediastinum, 
lymph nodes, and chest wall lesions. Minor responses, 
seen in two patients, and stable disease, which occurred 
in 14 patients, lasted for a median of 5.1 months. 

Conclusion : rhuMAb HER2 is well tolerated and clini- 
cally active in patients with HER2-overexpressing meta- 
static breast cancers that had received extensive prior 
therapy. This is evidence that targeting growth factor 
receptors can cause regression of human cancer and jus- 
tifies further evaluation of this agent. 

J Clin Oncol 14:737-744. © 1996 by American So- 
ciety of Clinical Oncology. 



DURING THE LAST DECADE, proto-oncogenes that 
encode growth factors and growth factor receptors 
have been found to play important roles in the pathogenesis 
of several human malignancies, including breast cancer. 1 The 
HER2 gene (also known as neu and as c-erbB-2) encodes a 
185-kd transmembrane glycoprotein receptor (plSS" 012 ) that 
has partial homology with the epidermal growth factor recep- 
tor, and that shares with that receptor intrinsic tyrosine kinase 
activity. 2 * 4 HER2 is overexpressed in 25% to 30% of human 
breast cancers 5,6 and predicts for a worse prognosis in patients 
with primary disease that involves axillary lymph nodes. 5,7 ' 8 
Several lines of evidence support a direct role for HER2 
in the pathogenesis and clinical aggressiveness of HER2- 
overexpressing tumors: The introduction of HER2 into non- 
neoplastic cells causes their malignant transformation. 9,10 
Transgenic mice that express HER2 develop mammary tu- 
mors. 11 HER2 overexpression is common in ductal carcino- 
mas in situ and in their associated invasive cancers. 1213 Anti- 
bodies directed at pl&S™* 2 can inhibit the growth of tumors 
and of transformed cells that express high levels of this recep- 
tor. 14 - 18 

The latter observation suggests that pl85 HER2 may be 
a potential target for the treatment of breast cancer or 
preinvasive breast lesions because these cells commonly 
overexpress HER2. The murine monoclonal antibody 
(MAb) 4D5, directed against the extracellular domain of 



pl85 HER2 (ECD" 1 * 2 ), is a potent inhibitor of growth, in 
vitro and in xenograft models, of human breast cancer 
cells that overexpress HER2. 19-21 However, murine anti- 
bodies are limited clinically because they are immuno- 
genic. To facilitate further clinical investigations, 
therefore, MAb 4D5 was humanized. The resulting re- 
combinant humanized anti-plSS™* 2 monoclonal antibody 
(rhuMAb HER2) was found to be safe and to have dose- 
dependent pharmacokinetics in two prior phase I clinical 
trials. 
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We now report the results of a phase II study of multi- 
ple-dose intravenous administration of rhuMAb HER2 in 
patients with metastatic breast cancer. The objectives of 
this trial were to determine the antitumor activity of rhu- 
MAb HER2 in this patient population, as well as to define 
further the toxicity profile and pharmacokinetics of rhu- 
MAb HER2. 

PATIENTS AND METHODS 

Preparation and Humanization of rhuMAb HER2 
Antibody 

MAb 4D5 was initially derived by immunizing mice with ceils 
that expressed high levels of the HER2 gene product, plSS" 1 * 2 . 19 
MAb 4D5, directed at the extracellular domain of plSS^ 2 
(£ C qher2^ i^ibits the in vitro growth of breast cancer cells that 
contain high levels of pl^5 HEK2 . 1920 rhuMAb HER2 was engineered 
by inserting the complementarity determining regions of MAb 4D5 
into the framework of a consensus human immunoglobulin d 
(IgG, ). 22 The resulting rhuMAb HER2 has high affinity for plSS™* 2 
(Dillohiation constant [K d ] =0.1 nmol/L), markedly inhibits, in vitro 
and in human xenografts, the growth of breast cancer cells that 
contain high levels of pl85 HER2 , and induces antibody-dependent 
cellular cytotoxicity (ADCC). 22 * 23 rhuMAb HER2 is produced by a 
genetically engineered Chinese hamster ovary (CHO) cell line, 
grown in large scale, that secretes rhuMAb HER2 into the culture 
medium. Antibody is purified from the CHO culture media using 
standard chromatographic and filtration methods. Each lot of anti- 
body used in this study was assayed to verify identity, purity, and 
potency, as well as to meet Food and Drug Administration require- 
ments for sterility and safety. 

Selection of Patients 

Patients eligible for this study were adult women whose metastatic 
breast carcinomas overexpressed HER2 (see later). All patients had 
measurable disease, a Karnof sky's performance status of at least 
60%, and preserved hematologic, liver, renal, and pulmonary func- 
tion. Patients with lymphangitic pulmonary metastasis, history of 
brain metastasis, or bone metastases as the only site of measurable 
disease were excluded. Chemotherapy or additive hormonal therapy 
within 3 weeks before study entry (6 weeks for mitomycin or ni- 
trosureas) was not permitted. Informed consent was obtained and 
documented in writing before study entry. 

Tumor expression of HER2 was determined by immunohisto- 
chemical analysis, as previously described, 5,6 of a set of thin sections 
prepared from the patient* s paraffin-archived tumor blocks. The pri- 
mary detecting antibody used was murine MAb 4D5, which has 
the same complementarity determining regions as rhuMAb HER2. 
Tumors were considered to overexpress HER2 if at least 25% of 
tumor cells exhibited characteristic membrane staining for pi 85"^. 

Antibody Administration 

The pharmacokinetic goal was to achieve rhuMAb HER2 trough 
serum concentrations greater than 10 //g/mL, a level associated with 
optimal inhibition of cell growth in the preclinical model. 22 The 
optimal dose and schedule of rhuMAb HER2 was based on two 
prior phase I clinical trials, conducted at University of California, 
Los Angeles, and Memorial Sloan-Kettering Cancer Center, which 



had documented dose-dependent pharmacokinetics. In this current 
trial, rhuMAb HER2 was administered intravenously over a period 
of 90 minutes in the outpatient setting. Each patient received a 
loading dose of 250 mg of rhuMAb HER2 on day 0, and beginning 
on day 7,100 mg weekly for a total of 10 doses. At the completion 
of this treatment period, patients with stable disease or minor, partial, 
or complete responses were entered onto a maintenance phase of 
weekly rhuMAb HER2 administration until disease progression. 

Evaluation of Toxicity 

Toxicity was scored based on a modified National Cancer Institute 
common toxicity criteria. Complete blood cell counts, urinalysis, 
coagulation profile, and hepatic enzyme, renal, and electrolyte stud- 
ies were performed weekly while on the study. 

Pharmacokinetics, Determination of Extracellular 
Domain of pl85 HER2 Levels, and Antibodies Directed 
Against rhuMAb HER2 

Blood samples for pharmacokinetic analysis were collected just 
before each treatment with rhuMAb HER2 and within the first hour 
following the end of each rhuMAb HER2 infusion. Serum concentra- 
tions of rhuMAb HER2 were determined in a receptor binding assay 
that detects binding with ECD" 1 * 2 . The nominal limit of detection 
for rhuMAb HER2 in serum samples was 156 ng/mL. The presence 
of antibodies to rhuMAb HER2 was determined with a bridging- 
type titer enzyme-linked immunosorbent assay (ELISA). Circulating 
concentrations of ECD"** 2 shed by patients' tumors were also deter- 
mined using an ELISA. 24 The pair of antibodies used for the assay 
were 7C2 as coat and 2C4 as horseradish peroxidase -conjugated 
antibody; the lower limit of detection for this assay ranged from 2.8 
to 8.3 ng/mL (Baly D, Wong WL, unpublished data, November 
1994). 

Serum levels of rhuMAb HER2 as a function of time were ana- 
lyzed for each patient using a one-compartment model. Model pa- 
rameters (volume and the elimination rate constant [KJ) were esti- 
mated for each patient using a maximum-likelihood estimation 
procedure. 25 rhuMAb HER2 half-life (t^) was calculated by dividing 
In 2 by IQ. 

Tumor Response 

Tumor response was determined at the completion of the initial 
1 1-week treatment period. All responses were confirmed by an inde- 
pendent extramural evaluation committee composed of an oncologist 
and a radiologist. Complete response was defined as the disappear- 
ance of all radiographically and/or visually apparent tumor, partial 
response as a s 50% reduction in the sum of the products of the 
perpendicular diameters of all measurable lesions, minimal response 
as a s 25% and less than 50% reduction in the diameters, stable 
disease as no change greater than 25% in the size of measurable 
lesions, and progressive disease as a & 25% increase in any measur- 
able lesion or the appearance of any new lesion. Although bone 
metastases were considered not measurable for response, patients 
had to have at least stability of bone lesions to be considered re- 
sponded. Patients who had entered the maintenance phase of the 
study had tumor responses evaluated every 1 1 weeks, or earlier if 
clinically indicated. Time to tumor progression was calculated from 
the beginning of therapy to progression. -Confidence limits for re- 
sponse rates were calculated using the exact method for a single 
proportion. 26 
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Table 1 . Patient Characteristics 



Patients (N = 46) 



Characteristic. 


No. 




% 


Age, years 








Median 








Range 




30-65 




Karnofsky performance status 








Median 




90 




Range 




60- 1 00 




Level of HER2 expression* 








25%-5Q% cells 


7 




15.2 


> 50% cells 


39 




84.8 


Receptor status 








Estrogen receptor-positive (n = 40} 


1 7 




42.5 


Progesterone receptor- positive (n - 39) 


1 5 




38.5 


No. of metastatic sites 
1 


1 6 




04.0 


2 


14 




30.4 


2= 3 


16 




34.5 


Dominant site of metastasis 








Viscera 


37 




80.4 


Skeleton 


1 




2.2 


Soft tissues 


8 




17.4 


Prior therapy 








Chemotherapy 


45 




97.8 


Adjuvant chemotherapy 


26 




56.5 


INcOtJUIUVUIII (-1 ICMHJII ICI UJJJT 


4 




8.7 


Metastatic disease (no. of regimens) 








None 


8 




17.4 


1 


9 




19.6 


2 


9 




19.6 


> 2 


20 




43.5 


Median 




2 




Range 




0-7 




Hormonal therapy 








Adjuvant tamoxifen 


7 




15.2 


Metastatic disease 


21 




45.6 



*ln percent of tumor cells with cytoplasmic membrane staining. 



RESULTS 

Patients characteristics are listed in Table 1 . A total of 
46 patients were enrolled onto the study. Their level of 
tumor overexpression of HER2 was relatively high, with 
more than 80% of the tumors having more than half of 
their cells exhibit positive membrane staining. Our patient 
population had extensive metastatic disease: 34.5% of 
patients had three or more metastatic sites. Dominant sites 
of metastases were visceral in 80% of cases (lung in 18, 
liver in 13, both liver and lung in five, and ovary in one). 
Only 17.4% of cases had dominant metastases in soft 
tissues (skin and lymph nodes) and only one patient had 
bone as the dominant site of disease. The total number 
of patients with bone disease was 18 (39%). All but one 
of the patients had received prior chemotherapy, with 
82.6% having received at least one regimen for metastatic 
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disease and 63% having received two or more regimens. 
Of this latter group, four patients had previously received 
high-dose chemotherapy with hematopoietic stem-cell 
support. 

Data on rhuMAb HER2 pharmacokinetics are available 
from 45 patients (Table 2). More than 90% of the exam- 
ined population (41 patients) had rhuMAb HER2 trough 
levels above the targeted 10-/zg/mL level. The mean se- 
rum t 1/2 of rhuMAb HER2 was 8.3 ± 5.0 days. The rhu- 
MAb HER2 serum t 1/2 was found to be dependent on the 
presence of circulating ECD"** 2 released from the tumor 
into the serum (Table 2). Representative examples of 
pharmacokinetics profiles are shown in Fig 1. Figure 1A 
shows the serum levels of rhuMAb HER2 in a patient 
with undetectable level of circulating ECD™* 2 ; stable, 
therapeutic serum levels of the drug were maintained in 
this patient for more than 1 year. Figure IB shows the 
serum levels of rhuMAb HER2 in a patient with high 
levels of circulating ECD™* 2 ; trough levels of rhuMAb 
HER2 were consistently below detectable levels through- 
out the treatment course and until disease progression. 
Antibodies against rhuMAb HER2 (human antihuman an- 
tibodies [HAHA]) were not detected in any patients. 

Treatment with rhuMAb HER2 was remarkably well 
tolerated. Of a total of 768 administrations of rhuMAb 
HER2, only 1 1 events occurred that were considered to 
be related to the use of the antibody (Table 3). Fever and 
chills occurred on five occasions after the first administra- 
tion of rhuMAb HER2. The fever lasted less than 8 hours 
in all cases and did not recur on subsequent administra- 
tions of the antibody. Three patients experienced chest 
pain in areas of tumor involvement shortly after the infu- 
sion of the first dose of rhuMAb HER2; in one case this 
required an overnight hospital admission for pain control. 
The pain did not recur on successive administrations of 
the antibody. None of the patients whose cancer regres- 
sion met the formal criteria for complete or partial re- 
sponse had pain at a tumor site after administration of 
rhuMAb HER2. 

The number of patients assessable for treatment re- 
sponse on evaluation day 77 was 43. Three patients were 
not assessable for response. One had a bacteremic infec- 
tion of an intravenous catheter that required prolonged 
administration of antibiotics, which precluded treatment 



Table 2. EC D HER2 - Dependent Pharmacokinetics of rhuMAb HER2 







rhuMAb HER2 t 1/2 


N 


Patient Group 


(days) 


45 


All patients 


8.3 ± 5.0 


40 


Circulating ECD HER2 < 500' ng/ml 


9.1 ± 4.7 


5 


Circulating ECD HER2 > 500 ng/mL 


1.8 ± 1.0 
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rhuMAb HER2 Oig/mL) 



rhuMAb HER2 (ug/mL) 



1000 
100 

10b- 
1 

0.1 



0 50 100 150 200 250 300 350 
Time (Days) 



ECD HEH2 (ng/mL) 



100 



10 5boo<>ooooo<><>o<^ -*-LTS 



' ■ ■ * « i 



i n 1 1 i i 



1 

0 50 100 150 200 250 300 350 
Time (Days) 




0 10 20 30 40 50 60 70 80 90 
Time (Days) 



10000e 



c 

1 1000 

I 

§ 100 

o 

E 
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CO 



10 



ECD HER2 (ng/mL) 



A A A A 



A A 
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0 10 20 30 40 50 60 70 80 90 
Time (Days) 

Fig 1 . Effect of serum ECD HE " on rhuMAb HER2 pharmacokinetics. Stable serum levels of rhuMAb HER2 in a patient with absence of ECD HEM 
(A) v suboptimal rhuMAb HER2 serum levels in a patient with high ECD HE " (B}. Note that log scales on the Y-axis describing the serum ECD HER2 
differ among charts. LTS, less than lowest assay standard. (O) observed rhuMAb HER2 serum concentration; (•) LTS for rhuMAb HER2 serum 
concentration; (A) ECD HER2 serum concentration; ( 0 ) LTS for ECD HER2 serum concentration. 



with rhuMAb HER2. A second declined to continue on 
the study for personal reasons. The third died of conges- 
tive heart failure associated with prior doxorubicin treat- 
ment. Among 43 assessable patients, 5 had tumor re- 
sponses: one patient had a complete remission and four 
had partial remissions. Therefore, the overall response 
rate (complete plus partial responses) for assessable pa- 
tients is 11.6% (95% confidence interval, 4.36 to 25.9). 
Details of responses are listed in Tables 4 and 5, and 
examples of the responses are shown in Fig 2. 



Table 3. rhuMAb HER2-Reiated Toxicity 



Toxicity 


Moderate (grade 2) 


Severe (grade 3) 


Fever and chills 


5 




Pain at tumor site 


2 


1 


Diarrhea 


2 




Nausea and emesis 


1 





NOTE. In number of events of a total of 768 administrations. 



Two patients had minor responses and 14 patients had 
stable disease at day 77. These patients entered a mainte- 
nance phase of weekly antibody administration until pro- 
gression of disease. The median time to progression for 
the patients with either minor or stable disease was 5.1 
months. An additional patient had a greater than 50% 
reduction in the size of the metastatic disease on her 
mediastinum and chest wall after 2 weeks of treatment. 
While the duration of response was greater than 4 weeks, 
by evaluation day 77 the lesion had begun to regrow from 
the size of maximal response to therapy. Per protocol 
guidelines, this patient was therefore considered not to 
have had a response to therapy, but rather progression of 
disease. 

DISCUSSION 

During the last decade, overexpression of the HER2 
gene has been shown to play an important role in the 
pathogenesis and poor prognosis of breast cancer. As a 
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Table 4. Response Rate Obtained With rhuMAb HER2 
in 43 Assessable Patients 



Response 



No. of Patients 



Complete response 


1 


2.3 


Partial response 


4 


9.3 


Overall response 


5 


11.6 


Minor response 


2 


4.6 


Stable disease 


14 


32.6 


Progression of disease 


22 


51.2 



consequence, strategies directed at interference with 
HER2 expression or the function of its protein, plSS" 13 * 2 , 
have been anticipated to have therapeutic value. Exten- 
sive preclinical studies have shown that certain MAbs 
directed against pi 85™^ can inhibit growth of HER2- 
overexpressing tumor cells. 15 " 19 This study provides the 
first clinical evidence of the antitumor activity of one of 
these agents, rhuMAb HER2. 

Of 43 patients with plSS^^-positive tumors assess- 
able for response after treatment with rhuMAb HER2, 
five experienced a complete or partial remission, for an 
overall response rate of 11.6%. One additional patient 
had a greater than 50% shrinking of her cancer that lasted 
more than 1 month, but was not considered a responder by 
our protocol definition. The objective antitumor responses 
observed were of clinical importance, since two patients 
had regression of cancers in the liver and one patient 
achieved a pathologically-proven complete response of 
chest wall disease, which has persisted for 24 months. Our 
patients were selected to have many sites of metastatic 
involvement, one of the most dire prognostic characteris- 
tics regarding response to therapy. This selection was 
the consequence of the rule that patients with disease 
involving only bone were ineligible for accrual, because 



bone is the solitary site of initial metastatic involvement 
in up to 60% of cases. 27 It is reasonable to hypothesize 
that the percentage of patients who show objective tumor 
regression to rhuMAb HER2 will be higher when patients 
with less extensive breast cancer are treated, since labora- 
tory studies have shown that the response to antireceptor 
antibodies is greater with lower tumor burden. 28 It would 
be also of interest to analyze the response rate to rhuMAb 
HER2 in a patient population with no prior chemotherapy 
for stage IV disease, since prior experience has shown 
that untreated patients usually respond better to new anti- 
cancer drugs. 29 

Another important point about the probability of re- 
sponse to rhuMAb HER2 concerns the observation that 
37% of patients achieved minimal responses or stable 
disease. In the laboratory, rhuMAb HER2 or the parent 
antibody 4D5 has been noted to be cytostatic, which 
causes growth arrest, rather than cytocidal, which causes 
cell death. In clinical trials of many anticancer drugs, 
particularly chemotherapy, the achievement of stable dis- 
ease is not considered a reliable measure of anticancer 
activity. However, with rhuMAb HER2, stable disease 
may be an authentic reflection of the biologic action of 
the drug, which differs markedly from conventional anti- 
cancer agents. The unusually long durations of minimal 
responses and stable disease seen in our trial may relate 
to this distinction. These data are specially interesting in 
light of the absence of significant toxicity observed here, 
for in a setting in which palliation is a main objective, 
quality of life while on treatment should be a main end 
point. 

The dose and schedule of rhuMAb HER2 administra- 
tion used in this protocol provided adequate serum con- 
centrations in all patients, except in those with circulating 
levels of tumor-shed ECD™* 2 at serum concentrations > 







Table 5. Characteristics 


of Patients Who Achieved a Response to Treatment 




Patient No. 


HER2* 


Site of Metastatic Disease 


Prior Systemic Therapy 


Best Response 


Duration of Response (months) 


1 


3 + 


Chest wall 


Doxorubicin 


Complete responset 


> 24 


2 


3+ 


Liver 


Doxorubicin, mitoxantrone, 


Partial response 


6.7 








paclitaxel 






3 


2+ 


Mediastinum 


CMFVP, doxorubicin, 


Partial response 


7.7 








tamoxifen, paclitaxel 






4 


3+ 


Liver -f retroperitoneal lymph 


CMF, docetaxel 


Partial response 


1 






nodes + bone 








5 


2+ 


Chest wall 


Paclitaxel 


Partial response 


3.4 



Abbreviations: CMFVP, cyclophosphamide, methotrexate, fluorouracil, vincristine, and prednisone; CMF, cyclophosphamide, methotrexate, and fluoro- 
uracil. 

*By immunohistochemistry: 2 + , 25% to 50% of tumor cells with cytoplasmic membrane staining; 3+, > 50% of tumor cells with cytoplasmic membrane 
staining. 

tPatient's complete response was pathologically proven with several biopsies at tumor site. Patient bone scan, head, thoracic, abdominal, and pelvic 
computed tomographic scans are negative. 
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Fig 2. Patient with exten- 
sive liver disease before treat- 
ment with rhuMAb HER2 (A) 
and 8 months into treatment 
showing marked reduction in 
liver involvement (B). Patient 
with chest wall recurrence be- 
fore start treatment (C, left) 
and 1 year later showing com- 
plete resolution of disease (C, 
right). Visible scars are from 
multiple biopsies that con- 
firmed histologically the ab- 
sence of tumor. 



500 ng/mL. ECD™* 2 is known to be released by some 
breast cancer cells that overexpress HER2, 30 " 32 and ele- 
vated ECD HER2 serum levels have been previously re- 
ported in patients with breast cancer. 31,33,34 The most 
likely explanation for the short serum t 1/2 values and 
subtherapeutic trough levels of rhuMAb HER2 in this 
group of patients is that in the presence of ECD™ 112 in the 
serum, antigen-antibody complexes form and are rapidly 
cleared from the circulation. Of interest, no anticancer 
responses were observed in the group of patients with 
serum concentrations of ECD HER2 > 500 ng/mL. Hence, 
the interpretation of results of future trials of agents that 
bind to or exert their function through pl85 HER2 should 
take ECD HER2 release from the tumors into account; at 
present, patients with high levels of ECD HER2 should con- 
tinue to participate in these studies. 

There are several possible mechanisms, not mutually 
exclusive, that could explain the clinical results observed. 
An important fact is that rhuMAb HER2 induces a marked 



downregulation of pi 85™^. 19 Antibody-induced down- 
regulation of pl85 HER2 has been shown to induce rever- 
sion of the transformed phenotype in HER2-transformed 
cells. 14 By a similar mechanism, the continuous exposure 
to rhuMAb HER2 at adequate concentrations achieved in 
our trial could be reversing the malignant phenotype of 
the clinical cancers by downregulating their level of 
pl85 HER2 . Another possibility is that the known partial 
agonistic effects of rhuMAb HER2 35 could result in the 
activation of a signal transduction pathway that leads to 
inhibition of tumor-cell proliferation. Both of these poten- 
tial antitumor mechanisms would require, in addition to 
receptor expression, intact receptor function. Little is 
known about the functional status of pl85 HER2 in breast 
tumor specimens, but it is conceivable that not all overex- 
pressing tumors have functional receptors. In support of 
this view is the observation that HER2-overexpressing 
tumor-cell lines that are not growth-inhibited by anti- 
pjg^HER2 an tibodies have been described and well charac- 
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terized 36 ; it is noteworthy that some of these antibody- 
resistant tumor cells also overexpressed truncated forms 
of ECD™* 2 . Furthermore, in vitro studies suggest that 
those breast cancer cell lines that have the highest basal 
level of plSS" 1 * 2 phosphorylation are the most growth- 
inhibited by anti-plSS™* 2 antibodies. 20 If this were the 
case in the clinic, the recently produced antiserum that 
specifically recognizes only overexpressed tyrosine-phos- 
phorylated plSS 1 *** 2 might prove useful in predicting the 
subset of plSS^^-positive tumors most likely to respond 
to rhuMAb HER2. 8 

Another possible mechanism of action concerns the 
observation that rhuMAb HER2 is a potent inducer of 
ADCC. 22 However, while this immune-mediated mecha- 
nism might play a role in the observed clinical responses, 
ADCC is obviously not involved in the pronounced 
growth-inhibitory effects of the antibody in vitro. 

The observed activity of rhuMAb HER2 against ad- 
vanced breast cancers that overexpress HER2 provides 
the first clinical evidence that anti-growth factor recep- 
tor-directed strategies may be useful in the treatment of 
human breast cancer. Therefore, continued research with 
this agent and other HER2-targeted treatment strategies 
appears warranted. The response to rhuMAb HER2 in a 
less heavily pretreated population and in those with less 



extensive metastatic disease would be of interest since 
both parameters have historically correlated with a higher 
response to drugs, 29 and this same principle may apply 
to antibody-based therapy. 37 In preclinical studies, both 
in vitro and in xenografts, rhuMAb HER2 markedly po- 
tentiated the antitumor effects of several chemotherapeu- 
tic agents, including cisplatin, doxorubicin, and pacli- 
taxel, 23,38 without increasing their toxicity. Laboratory 
studies of the mechanism of this effect and clinical trials 
of such combination therapy are currently in progress. 
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